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evaluations.  This  model  was  readily  varied  to  provide  for:  (1)  various  aper- 

ture area  and  resonator  volume  acoustic  absorbers  behind  the  "anode"  area,  (2) 
the  addition  of  CERCOR  (glass  ceramic)  thicknesses  of  0.5  inch  and  3.0  inches  in 
the  flow  channels  immediately  upstream  and  downstream  of  the  cavity,  and  (3) 
various  types  of  flow  duct  terminations  (i.e.,  open,  closed,  partially  closed, 
and  plenum  closed).  The  discharge  was  simulated  with  an  explosive  charge,  and 
pressure  oscillation  damp  times  were  determined  for  various  model  configurations 
A total  of  200  pulse  tests  was  conducted  on  various  model  configurations.  An 
analysis  of  AFWL  data  and  the  Rocketdyne  acoustic  model  data  led  to  the  conclu- 
sion that  laser  cavity  modes  (2  to  3 kHz)  exert  relatively  little  influence  in 
the  attenuation  of  the  pressure  oscillation.  The  predominant  frequency  apparent 
in  the  data  (<1  kHz)  is  related  to  flow  channel  modes.,  The  effect  of  cavity 
throughflow  on  damping  characteristics  was  investigated,  and  no  effect  of  cavity 
throughflow  on  the  damping  characteristics  was  found  over  a Mach  number  range  of 
0 to  0.10.  An  acoustic  resonator  having  an  aperture  open-area  of  20  percent  and 
a piston  position  of  about  2 inches  appeared  optimum  from  a damping  standpoint 
over  the  range  of  EDL  flow  duct  terminations.  In  some  cases,  however,  such  an 
absorber  was  not  as  effective  as  the  use  of  3.0-inch  CERCOR  inserts  in  the  flow 
channel  immediately  upstream  and  downstream  of  the  lasing  cavity.  An  analog 
model  was  developed  which  incorporated  the  results  of  the  acoustic  model  testing 
This  model  was  used  to  analytically  evaluate  high  frequency  pressure  and  temper- 
ature oscillations  in  a subsonic,  pulsed  wave  EDL,  closed-cycle  fluid  supply 
system. 
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SUMMARY 


An  experimental  study  was  conducted  to  further  investigate  the  use  of  acoustic  ab- 
sorbers and  honeycomb  flow  conditioners  to  quickly  attenuate  the  oscillations  re- 
sulting from  the  discharge  in  a pulsed  electric  discharge  laser  (I  I'Ll  device. 

A plexiglass  EDL  model,  full  scale  in  two  dimensions,  was  employed  in  the  experi- 
mental testing.  This  model,  which  consisted  of  a total  channel  length  of  13 
inches  with  a 8 by  10  cm  cavity  in  its  center,  was  readily  varied  to  provide  for: 
(1)  various  aperture  area  and  resonator  volume  acoustic  absorbers  behind  the 
"anode"  area,  (2)  the  addition  of  CERCOR  (glass  ceramic)  thicknesses  of  0.5  inch 
and  3.0  inches  in  the  flow  channels  immediately  upstream  and  downstream  of  the 
cavity,  and  (5)  various  types  of  flow  duct  terminations  (i.e.,  open,  closed,  par- 
tially closed,  and  plenum  closed).  An  explosive  device  was  used  to  simulate  the 
brisance  and  amplitude  of  disturbances  resulting  from  discharge  in  the  AFWL  50-kW 
device.  Measurement  of  the  pressure  response  subsequent  to  a "pulse"  was  made 
using  a Kistler  pressure  transducer  and  was  recorded  on  magnetic  tape. 

A total  of  200  pulse  tests  was  conducted  on  various  model  configurations.  An 
analysis  of  the  AFWL  data  and  the  Rocketdyne  acoustic  model  data  led  to  the  con- 
clusion that  laser  cavity  modes  (2  to  3 kHz)  exert  relatively  little  influence 
in  the  attenuation  of  the  pressure  oscillation.  The  predominant  frequency  appar- 
ent in  the  data  (>lkHz)  is  related  to  flow  channel  modes.  The  effect  of  cavity 
throughflow  on  damping  characteristics  was  investigated,  and  no  effect  of  cayity 
throughflow  on  the  damping  characteristics  was  found  over  a Mach  No.  range  of  0 
to  0.10. 

For  an  open-ended,  13- inch- long  EDL  acoustic  model  with  a predominant  frequency 
of  484  Hz,  optimum  damping  of  the  pressure  oscillation  following  the  pulse  was 
achieved  using  a 20  percent  aperture  and  a 2-inch  piston  position  in  the  resona- 
tor volume.  A factor  of  8 reduction  in  damp  time  (from  33  msec  to  4 msec)  was 
noted.  The  addition  of  CERCOR  in  the  flow  channel  did  not  improve  the  damping 
characteristics  of  the  20  percent  aperture  absorber.  Simultaneous  use  of  the 
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optimum  absorber  configuration  and  CERCOR  also  did  not  result  in  an  improvement 
over  the  absorber  alone,  nor  did  the  addition  of  CERCOR  directly  behind  the  aper- 
ture in  the  resonator  volume  itself. 

For  a close-ended  13-inch-long  EDL  acoustic  model  with  a predominant  frequency  of 
1044  He,  optimum  pressure  damping  was  achieved  with  a 20  percent  aperture  and  fl- 
inch piston  position.  A factor  of  2.3  reduction  in  damp  time  (from  27  msec  to  12 
msec)  was  noted.  The  acoustic  absorber  alone  is  much  less  effective  in  this  case 
than  a CERCOR  thickness  of  3.0  inches  in  damping  the  pressure  oscillation.  The 
3.0- inch  CERCOR  results  in  a factor  of  13  reduction  in  damp  time  (from  27  to  2 
msec) . Simultaneous  use  of  3-inch  CERCOR  and  absorber  shows  no  improvement  over 
the  use  of  CERCOR  alone. 

For  an  open-ended  13-inch-long  EDL  acoustic  model  containing  an  array  of  rods 
partially  blocking  the  flow  area  and  having  a predominant  frequency  of  304  Hz, 
optimum  damping  with  a 20  percent  aperture  was  achieved  at  a piston  position  of 
2 inches.  A factor  of  1.6  reduction  in  damp  time  (from  9.5  to  6 msec)  was  noted. 
Use  of  3.0-inch  CERCOR  resulted  in  an  identical  amplitude  reduction. 

The  fact  that  neither  optimization  of  the  acoustic  absorber  nor  use  of  the  CERCOR 
flow  conditioner  improved  damp  time  by  any  more  than  4 to  5 msec  led  to  the  con- 
clusion that  the  solid  rods  in  the  duct  inserts  (heat  exchanger  tube  simulants) 
provide  a very  significant  amount  of  damping  by  themselves. 

A plenum  duct  termination  in  the  EDL  acoustic  model  resulted  in  simultaneously 
occurring  frequencies  of  570  Hz  and  318  Hz  which  appeared  as  a predominant  fre- 
quency of  694  Hz.  Optimization  of  the  acoustic  absorber  occurred  with  a 20  per- 
cent aperture  area  and  a 3-inch  piston  position.  A factor  of  5 reduction  in  damp 
time  (from  73  to  14.5  msec)  was  noted.  A factor  of  9 reduction  in  damp  time 
(from  73  to  8 msec)  was  achieved,  however,  through  use  of  a 3.0-inch  CERCOR  with- 
out acoustic  resonators. 
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Summarizing  these  results,  an  acoustic  resonator  having  an  aperture  open-area  of 
20  percent  and  a piston  position  of  about  2 inches  appeared  optimum  from  a damp- 
ing standpoint  over  a range  of  EDL  duct  geometry  variations.  In  some  cases,  how- 
ever, such  an  absorber  was  not  as  effective  as  the  use  of  3.0-inch  CERCOR  inserts 
in  the  flow  channel  immediately  upstream  and  downstream  of  the  lasing  cavity.  The 
use  of  such  inserts  involves  a pressure  drop  penalty  though  that  may  be  undesira- 
ble. Such  use  of  flow  conditioners  may,  however,  be  unnecessary  unless  it  is 
clearly  shown  that  the  damping  provided  by  the  acoustic  resonator  itself  is  insuf- 
ficient to  acceptably  damp  the  density  oscillations. 

An  analog  model  was  developed  which  incorporated  the  results  of  the  acoustic  model 
testing.  This  model  was  used  to  analytically  evaluate  high  frequency  pressure 
and  temperature  oscillations  in  a subsonic,  pulsed  wave  EDL,  closed-cycle  fluid 
supply  system. 
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SECTION  I:  INTRODUCTION 


The  density  disturbances  produced  in  the  gas  laser  medium  resulting  from  the  dis- 
charge in  a pulsed  electric  discharge  laser  (EDL)  significantly  alter  the  refrac- 
tive index  of  the'  medium  and  seriously  degrade  the  laser  beam  quality.  Propaga- 
tion of  the  acoustic  disturbances  in  the  gas  flow  channel  could  cause  laser  beam 
degradation  unless  the  disturbances  are  sufficiently  attenuated. 

Rocketdyne,  during  performance  of  Contract  F29601-73-A-0034-0003,  determined  that 
the  use  of  acoustic  resonating  cavities  and  honeycomb  flow  conditioning  material 
could  improve  pressure  damping  times  up  to  a factor  of  six  in  a non-flowing  med- 
ium. This  work  was  done  using  a plexiglass  two-dimensional  model  of  a typical 
EDL,  with  cavity  dimensions  full  scale  to  the  AFWL  50  kW  device  (8  by  10  cm). 

Air  was  employed  as  the  working  fluid  in  the  model.  The  discharge  was  simulated 
with  an  explosive  charge,  and  damp  times  were  determined  for  various  model 
configurations. 

The  objective  of  this  program  was  to  further  investigate  the  use  of  acoustic 
resonating  cavities  and  honeycomb  flow  conditioners  as  attenuation  devices  for 
acoustic  disturbances  occurring  in  pulsed  EDLs.  Experimental  studies  were  lim- 
ited to  flow-damping  interaction  studies,  acoustic  resonator  optimization  studies 
and  duct  geometry  studies  all  of  which  were  performed  on  the  existing  two- 
dimensional  model  of  the  AFWL  EDL  lasing  cavity.  Analytical  studies  were  limited 
to  an  analysis  of  the  AFWL  EDL  acoustic  data  and  to  a dynamic  analysis  of  cavity 
designs  on  an  existing  analog  model. 
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SECTION  II:  EDL  MODEL 


LUC  HE  MODEL 


A Lucite  acoustic  model  of  a typical  EDL  lasing  cavity,  and  its  immediately  adja- 
cent flow-channel,  was  designed  and  fabricated  on  Contract  F29601-73-A-0034-0003. 
This  design  is  shown  in  Fig.  1.  The  acoustic  model  provides  for  the  full-scale 
modeling  of  both  the  10-cm  dimension  (electrode  length  or  distance  between  porous 
glass  ceramic  plates)  and  the  8-cm  dimension  (distance  between  electrodes).  The 
size  of  the  acoustic  model  in  the  remaining  (optical  path)  direction  was  arbi- 
trarily set  at  1 inch  (because  pressure  is  assumed  to  be  uniform  in  that  direc- 
tion in  the  EDL). 

The  acoustic  model  provides  for  the  inclusion  of  acoustic  absorbers  (modified 
Helmholtz  resonators)  the  geometry  of  which  may  be  easily  varied  by  the  adjust- 
ment of  a piston-type  restraint  plate  at  the  rear  of  both  anode  and  cathode  ab- 
sorbers. The  length  of  the  absorber  cavity  may  thus  be  effectively  varied  between 
zero  (no  absorber)  and  11  inches  on  each  side  of  the  laser  cavity. 

A "window"  between  the  laser  cavity  and  the  absorber  cavity  permits  investigation 
of  the  effect  of  fractional  open  area  (based  on  laser  cavity  cross-sectional  area 
in  the  discharge  direction)  of  the  aperture. 

The  10-cm  electrode  length  may  be  bounded  on  each  end  by  a plate  of  CERCOR  porous 
glass  ceramic  (which  could  serve  in  the  EDL  as  a flow  conditioner)  if  desired. 

The  acoustic  model  accepts  two  thicknesses  (1/2  and  3 inches)  of  type  T2038  CERCOR 
(Fig.  2). 

Mow  ducts  adjacent  to  the  laser  cavity  may  be  modeled  acoustically  by  the  inser- 
tion of  appropriate  duct  models  into  the  tapered  opening  on  each  side  of  the  basic 
EDL  cavity  model  (see  Fig.  1 and  2). 


«ure  2.  Luc i te  Vcoustic  Model  and  CLRCOR  Inserts 


The  large  tapped  hole  located  in  the  center  of  the  lasing  cavity  (Fig.  2)  was 
used  for  the  insertion  of  the  pulse  initiator  (explosive  charge)  which  simulates 
the  electrical  discharge.  A high-response  Kistler  pressure  transducer  (Type 
603A)  was  located  (on  a diagonal)  2 inches  away  from  the  pulse  initiator  in  the 
smaller  tapped  hole  shown  in  the  lasing  cavity  in  Fig.  2. 

A 1/8-grain  lead  styphnate  blasting  cap  was  employed  for  pulse  initiation  in  the 
Lucite  acoustic  model.  This  cap,  shown  in  Fig.  3,  was  initiated  by  25  volts. 

The  adequacy  of  this  device  in  achieving  overpressures  and  rise  rates  comparable 
to  AFWL  data  is  documented  in  Ref.  1. 

TEST  INSTRUMENTATION 

A schematic  diagram  of  the  Lucite  model  test  setup  is  shown  in  Fig.  4. 

An  oscilloscope  provided  an  immediate  record  of  the  pressure  oscillations  moni- 
tored with  the  Kistler  transducer.  A circuit  for  simultaneous  triggering  of  the 
pulse  initiator  and  the  oscilloscope  was  employed.  A 1-inch  tape  recorder  with 
20  kilt  response  was  used  to  record  the  test  results.  This  provided  a data  stor- 
age medium  that  was  relatively  unrestrictive.  A Hewlett-Packard  wide-range  os- 
cillator was  used  to  obtain  a 1000-Hz  oscillatory  signal  having  a preset  ampli- 
tude of  1 volt  peak-to-peak.  This  signal  was  input  to  all  tape  channels  for 
calibration  purposes  prior  to  testing. 


gure  3.  Pulse 


Figure  4.  Test  Setup  for  Bench-Scale  Acoustic  Testing 


SECTION  III:  TASK  l 


ANALYSIS  01-  AFWL  El>L  ACOUSTIC  DATA 


SCOPE 

An  analysis  of  the  AFWL  EDL  acoustic  data  furnished  under  Contract  F29601-73-A- 
0034-0003  and  of  the  data  gathered  under  that  contract  was  performed  to  determine 
the  rate  of  damping  for  those  frequency  bands  present  in  the  data.  A suitable 
definition  of  the  "fully  damped"  state  of  acoustic  disturbances  in  the  frequency 
bands  present  in  the  AFWL  EDL  was  determined. 

CONTRACT  F29601-73-A-0034-0003  RESULTS 


Under  Contract  F29601-73-A-0034 , a raw  data  tape  (tape  No.  5)  from  a representa- 
tive discharge  for  the  AFWL-EDL  device  was  received  from  AFWL.*  The  spectral 
characteristics  of  the  data  were  determined  by  spectral  frequency  analysis  using 
the  Time  Data  Incorporated  Real  Time  Data  Analyzer  (RTDA)  in  Ref.  1 and  are  dis- 
played in  terms  of  amplitude  (psi  squared  per  Hertz)  versus  frequency  as  shown 
in  Fig.  5.  Figure  5 shows  the  frequency  trends  in  the  data  over  a period  of  6 
msec,  with  successive  slices  slipped  1 msec  in  time.  A large  predominance  of 
~ 500  Hz  overshadows  all  other  frequencies.  The  shifting  of  the  predominant 
frequency  upwards  to  2000  Hz  and  later  downwards  is  not  considered  significant. 
The  significant  overall  result  is  the  predominance  of  the  low  frequency,  even 
for  only  1 msec  of  data.  The  data  from  four  pulses  were  summarized  in  Ref.  1 by 
plotting  the  decay  in  amplitude  of  the  predominant  frequency  versus  time.  These 
data  indicated  that  decay  is  essentially  achieved  within  2.5  msec  of  pulse  ini- 
tiation, with  a factor  of  5 reduction  in  amplitude  (psi)  achieved  at  that  time. 

Damping  of  the  complex  wave  was  also  examined  in  Ref.  1 through  reference  to 
pressure-time  plots  (pressure  histories).  It  was  concluded  that  the  initial 
damping  after  the  last  pulse  of  a series  is  rapid,  with  a 4 or  5 to  1 reduction 


*Also  received  were  comments  that  associated  holographic  measurements  indicated 
damping  to  acceptable  beam  quality  in  4 milliseconds. 
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Figure  5.  RIDA  Spectral  Analysis  for  Shot  No. 


in  amplitude  occurring  in  2.5  to  4 msec.  However,  damping  to  a significantly 
lower  level  (7:1  reduction)  requires  an  order  of  magnitude  longer  time.  This 
trend  was  also  noted  in  Ref.  1 to  be  true  of  the  individual  sinusoidal  component^. 

CURRENT  RESULTS 


The  pressure  history  of  a representative  discharge  for  the  AFWL-EDL  device  is 
shown  in  Fig.  5.  A similar  pressure  history  of  the  detonation  of  an  explosive 
charge  in  the  Rocketdyne  Lucite  model  of  the  EDL  (Test  No.  27  in  Ref.  1)  is 
shown  in  Fig.  6.  In  Fig.  5 and  6,  it  is  observed  that  the  initial  overpressure 
appears  to  excite  oscillations  of  relatively  high  frequency  which  decay  rapidly, 
resulting  in  a final  predominance  of  lower-frequency  oscillations. 

The  spectral  characteristics  of  the  data  were  determined  by  spectral  frequency 
analysis  using  the  Time  Data  Incorporated  Real  Time  Analyzer  and  are  displayed 
in  terms  of  amplitude  (psi  squared  per  Hertz)  versus  frequency  in  Fig.  5 and  6, 
also.  In  Fig.  5,  the  large  preponderance  of  ~500  Hz  overshadowed  all  other 
frequencies,  a trend  typical  of  nearly  all  power  spectral  density  (PSD)  plots 
for  the  AFWL  data.  In  the  Rocketdyne  data  (Fig.  6),  a similar  preponderance  of 
about  400  Hz  overshadowed  the  higher  frequencies.  Successive  PSD  plots,  such  as 
shown  in  Fig.  5 and  6,  yield  an  indication  of  the  damping  of  individual  sinusoi- 
dal oscillations  as  a function  of  time.  An  alternative  method  is  to  examine 
pressure  history  plots  of  oscillations  lying  within  a narrow  frequency  band. 

Consequently,  pressure  histories  of  oscillations  lying  within  narrow  frequency 
bands  were  generated  for  a selected  series  of  tests  whose  data  currently  existed 
on  tape.  This  series  of  tests  included  a single  AFWL  test  (Tape  No.  5,  Shot  No. 
19,  Channel  No.  5,  last  pulse)  and  five  Rocketdyne  tests*  (test  numbers  27,  26, 
45,  61,  and  71)  on  the  Lucite  EDL  model.  The  Rocketdyne  tests  ranged  from  one 
that  had  no  attenuation  device  (test  27)  to  those  with  either  acoustic  absorbers 


‘Reported  in  Ref.  1. 


20 


of  a particular  aperture  open  area  or  with  CLRCOR  flow  conditioners.  Ihe  follow- 
ing frequency  bands  were  arbitrarily  selected:  100  II:  to  1 kHz,  1 to  2 kHz,  2 to 

4 kliz,  4 to  5 kHz,  and  5 to  10  kHz. 

Both  the  unfiltered  and  the  resultant  filtered  pressure  histories  for  the  AFWL 
data  are  shown  in  Fig.  7.*  Similar  results  for  Rocketdyre  tests  27,  26,  45,  61, 
and  71  are  shown  in  Fig.  8 through  12.* 

The  results  shown  in  Fig.  7 through  12  were  used  to  calculate  damp  times  and  pre- 
dominant frequencies  within  the  various  frequency  bands.  Damp  time,  for  each  fre- 
quency band,  was  arbitrarily  defined  as  the  time  required  for  the  peak-to-peak  os- 
cillation amplitude  to  fall  to  1/7  of  the  initial  average4-  undamped  overpressure 
for  the  1/8  grain  charge.  The  predominant  frequency  apparent  within  a given  fre- 
quency band  was  obtained  by  reference  to  the  time  scale.  A summary  of  the  data 
thus  obtained  is  found  in  Table  1. 

Assuming  a sound  velocity  of  1474  fps  in  the  AFWL  device,  the  following  frequency 
estimates  were  made  for  various  modes: 


Lasing  cavity  (8-cm  discharge  direction)  2810  Hz 
Lasing  cavity  (10-cm  discharge  length)  2245  Hz 
Mirror  box  (22- inch  length)  400  Hz 
Lasing  cavity  (44-inch  beam  direction)  200  Hz 
Flow  channel  (1-foot  height)  740  Hz 


The  results  shown  in  Fig.  7 and  Table  1 indicate  that  the  predominant  frequency 
apparent  in  Fig.  5 is  related  most  probably  to  a flow  channel  mode.  Frequencies 
indicative  of  lasing  cavity  modes  ( > 2000  Hz)  appear  to  damp  in  less  than  5 msec 
(using  the  previously  stated  definition  of  damping)  and  have  almost  no  effect  on 
the  damping  of  the  predominant  frequency.  Damping  of  the  unfiltered  trace  requires 


‘Filtered  pressure  histories  appear  inverted  with  respect  to  the  unfiltered  trace. 
rAverage  for  all  charges  used  in  the  program. 


Figure  7.  Pressure  History  for  AFWL  Tape  No.  5,  Run  No.  19, 
Final  Pulse 
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Figure  8.  Pressure  History  for  Rocketdyne  Test  No.  27;  No 
CERCOR,  No  Acoustic  Resonator 
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Figure  9.  Pressure  History  for  Rocketdyne  Test  No. 
Inch  CERCOR,  No  Acoustic  Absorber 
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Figure  10.  Pressure  History  for  Rocketdyne  Test  No.  45;  3.0- 
Inch  CERCOR,  No  Acoustic  Resonstor 
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Figure  11.  Pressure  History  for  Rocketdyne  Test  No.  61;  No 
CERCOR,  Acoustic  Resonator  With  76%  Open-Area 
and  5- Inch  Piston  Position 


27 


29 


a somewhat  greater  time  (about  42  msec)  than  does  damping  of  the  100  Ilz  to  1 kHz 
frequency  band  (~25  msec).  This  is  due  to  the  persistance  of  small  oscillations 
(within  the  definition  of  damped  oscillations)  in  some  of  the  other  frequency 
bands  (see  Fig.  7). 

Assuming  a sound  velocity  of  1140  fps  (air)  in  the  ductless  Lucite  acoustic  model, 
the  following  frequency  estimates  were  made  for  various  modes: 

Lasing  cavity  (3.12-inch  direction)  2190  Hz 

Lasing  cavity  (4.00-inch  direction)  1710  Hz 

The  results  shown  in  Fig.  8 and  Table  1 indicate  that  the  predominant  oscillation 
frequency  of  approximately  375  Hz  corresponds  to  the  first  acoustic  mode  in  the 
open-open  flow  direction  of  13  inches  in  the  ductless  model.  This  was  verified 
in  Ref.  1 by  probing  techniques.  As  in  the  AFWL  data,  frequencies  indicative  of 
lasing  cavity  modes  damp  in  less  than  4 msec  and  appear  to  have  no  effect  on  the 
damping  of  the  predominant  frequency. 

The  effect  of  CERCOR  may  be  examined  by  reference  to  Fig.  8 through  10  and  Table 
1.  Increasing  the  CERCOR  thickness  in  the  flow  channels  immediately  upstream  and 
downstream  of  the  lasing  cavity  results  in  a pronounced  decrease  in  both  the  un- 
filtered damp  time  and  the  damping  time  of  the  predominant  oscillation  frequency 
(313  Hz  < freq.  < 388  Hz).  A much  less  pronounced  decrease  in  the  damp  time  of 
oscillation  frequencies  over  1300  Hz  is  also  evident.  The  CERCOR  thus  appears  to 
be  most  effective  in  damping  the  relatively  low  frequency  pressure  oscillations 
which  control  the  overall  system  damping. 

The  effect  of  the  presence  of  an  anode  acoustic  resonator  on  the  pressure  oscil- 
lation damping  is  observed  by  reference  to  Fig.  8,  11,  12,  and  Table  1.  Use  of 
an  anode  absorber  having  a 76  percent  aperture  open  area  and  5-inch  piston  posi- 
tion is  observed  to  result  in  a decrease  from  38  to  19  msec  in  the  overall  damp 
time.  An  equivalent  decrease  is  noted  in  the  damp  time  of  the  prominent  lower 
frequency  oscillation  although  the  frequency  of  this  oscillation  is  shifted  from 


373  to  620  Hz.  Damp  times  of  oscillation  frequencies  in  the  range  1500  to  3000 
Hz  appear  to  increase  while  the  damp  times  of  oscillation  frequencies  greater  than 
4 kHz  remain  nearly  unchanged.  Oscillation  amplitudes  of  the  later  oscillation 
frequencies,  however,  appeared  to  decrease  in  value  with  the  addition  of  the 
acoustic  resonator. 

The  effect  of  the  addition  of  an  anode  absorber  with  an  aperture  open  area  of  34 
percent  and  a 4-inch  piston  position  is  observed  to  result  in  a decrease  from  38 
to  12  msec  in  the  overall  damp  time.  While  an  equivalent  decrease  in  damp  time 
is  noted  for  the  100  Hz  to  1 kHz  frequency  band,  the  unfiltered  pressure  trace  no 
longer  clearly  shows  a prominent  frequency  equal  to  that  apparent  in  the  100  Hz 
to  1 kHz  frequency  band  data.  Compared  to  test  27  (no  absorber),  both  the  damp 
time  and  oscillation  amplitude  of  oscillations  having  -frequencies  in  the  range 
1500  to  2500  Hz  are  increased  significantly.  Damp  time  of  frequencies  greater 
than  4 kHz  also  indicate  increases  over  the  "no  absorber"  data. 

It  is  apparent  that  the  decrease  in  the  unfiltered  damp  time  occasioned  by  the  ad- 
dition of  the  34  percent  aperture  open  area  absorber  is  due  solely  to  the  effec- 
tiveness of  this  absorber  at  relatively  low  (~550  Hz)  frequency.  The  overall 
appearance  suggests  energy  is  removed  from  the  100  Hz  to  1 kHz  frequency  band  and 
added  to  the  higher  frequency  bands. 

The  addition  of  the  76  percent  aperture  open  area  absorber,  while  more  effective 
than  the  34  percent  open  area  absorber  at  frequencies  above  1500  Hz,  is  not  as 
effective  at  550  Hz.  The  effectiveness  of  an  absorber  at  this  lower  frequency  is, 
however,  what  controls  the  overall  damp  time  in  this  particular  geometry. 

It  is  concluded  that  laser  cavity  modes  exert  little  influence  in  the  attenuation 
of  the  pressure  oscillation.  Flow  channel  geometry  is  believed  to  be  the  most  im- 
portant factor.  The  present  method  of  determining  damp  time,  i.e.,  measuring  the 
time  required  for  the  peak-t>o-peak  pressure  oscillation  to  fall  to  a specified 
fraction  (1/7)  of  its  average  initial  value  is  believed  satisfactory  for  use  in 
further  test  effort.  The  importance  of  the  flow  channel  geometry  suggests  that 
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pressure  oscillations  in  any  EDL  system  may  commonly  contain  a relatively  low  pre- 
dominant frequency  (as  compared  to  the  frequencies  associated  with  lasing  cavity 
modes).  Low  oscillation  frequencies  may  be  attenuated  rapidly  through  the  use  of 
such  honeycomb  material  as  CERCOR  in  the  flow  channel  and/or  moderate  aperture 
open-area  acoustic  resonators.  The  designer  of  attenuation  devices,  however, 
must  exercise  caution  lest  more  rapid  damping  of  the  predominant  lower  frequency 
oscillations  (characteristic  of  flow  channel  modes)  be  achieved  at  too  great  ex- 
pense of  higher  frequency  oscillations  (possibly  characteristic  of  lasing  cavity 
modes) . 


SECTION  III:  FLOW  EXPERIMENTS 


SCOPE 


Nitrogen  gas  (GN?)  was  used  to  simulate  air  flow  at  a Mach  number  of  0.1  through 
the  cavity  section  of  the  Lucite  acoustic  model . Pressure  measurements  were  made, 
and  damp  time  determined,  for  flow  and  no-flow  tests  tijsing:  no  CERCOR  flow  condi- 
tioner, 0.5-inch  CERCOR,  and  3.0-inch  CERCOR  in  the  flow  channels  immediately 
upstream  and  downstream  of  the  lasting  cavity.  By  comparison  of  the  results  of 
flow  and  no-flow  tests,  the  effect  of  cavity  throughflow  on  damping  was  determined. 

TEST  SETUP 


As  a means  of  obtaining  a constant  high  Mach  number  flow  in  the  model,  a large 
volume  high-pressure  gas  source  was  sought  whose  pressure  is  unaffected  by  the 
volumetric  flow  through  the  model  and  whose  flowrate  can  be  precisely  controlled. 
The  2000-psig  GN0  system  used  for  propellant  tank  pressurization  at  Rocketdyne 
was  selected  for  this  use.  The  properties  of  nitrogen  are  almost  identical  to 
air  near  ambient  temperature  and  pressure  conditions  (see  Table  2)  and  thus  pro- 
vide adequate  simulation  in  the  model. 


TABLE  2.  GAS  PROPERTIES 


— 

Gas 

T,  F 

3 

p,  1 b/f  t"3 

pxlO^,  ’b/ft-sec 

a,  ft/sec 

A i r 

0 

0.086 

1.110 

1053 

Air 

100 

0.071 

1.285 

1166 

N2 

0 

0.08-4 

1 .055 

1070 

n2 

100 

0.069 

1 .222 

1 180 

A schematic  of  the  GN0  flow  system  is  shown  in  Fig.  13.  A sonic  orifice  having 
a diameter  of  0.100  inch  was  placed  in  the  1-inch  line  upstream  of  the  Lucite 
model  in  order  to  provide  a mass  flowrate  of  GN^  dependent  only  upon  the  pres- 
sure upstream  of  the  sonic  orifice  (independent  of  downstream  AP). 
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An  aluminum  adapter  section  shown  in  Fig.  14  and  15  was  fabricated  to  allow  for 
orderly  transition  from  a velocity  of  about  535  fps  in  the  1-inch  line  immediately 
downstream  of  the  sonic  orifice  to  a value  of  114  fps  (Mach  No.  = 0.100)  in  the 
Luc i te  LDL  model.  To  further  ensure  a uniform  gas  flowfield  in  the  model,  a ser- 
ies of  fine-mesh  screen  was  placed  near  the  exit  end  of  the  adapter.  Jhe  velocity 
through  the  cavity  section  was  measured  and  confirmed  to  be  114  fps  or  a Mach  No. 
of  0.1. 
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RESULTS 

A series  of  GN_  flow  tests  was  then  performed  at  a constant  velocity  of  114  fps 
(Mach  No.  = 0.10)  through  the  model.  A 20%  aperture  open-area  window  was  employed 
in  the  anode  absorber  while  a 0%  open-area  (solid)  window  was  employed  in  the 
cathode  absorber. 

Tests  were  made  in  the  open-ended  model*  with  and  without  CERCOR  inserts  in  the 
flow  channel  over  a range  of  piston  positions  (acoustic  resonator  volumes).  A 
test  summary  is  found  in  Table  3.  Resulting  pressure  histories  are  shown  in 
Fig.  16  to  18.  Damp  time  comparisons  are  shown  in  Fig.  19. 


*The  aluminum  adapter,  of  course,  was  attached  to  the  one  end  of  the  model. 
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TABLE  3 . TASK  2 TEST  SUMMARY 


Test 

No. 

Anode  Window 
Open  Area, 
percent 

CERCOR 

Anode  Piston 
Position, 
inch 

M = 0.1 
Flow 

Damp  Time, 
msec 

1 

2 

0 

None 

0 

no 

3.5 

2 

0 

yes 

4.5 

3 

2 

no 

5.0 

4 

2 

yes 

6.0 

S 

4 

no 

4.0 

6 

4 

yes 

5.5 

7 

0. 

5 in. 

0 

no 

4.0 

8 

0 

yes 

3.5 

9 

1 

no 

3.0 

10 

1 

yes 

2.5 

11 

2 

no 

4.0 

12 

2 

yes 

3.0 

13 

4 

no 

3.0 

14 

4 

yes 

3.5 

IS 

3. 

0 

no 

2.0 

16 

0 

yes 

1.5 

17 

1 

no 

2.0 

18 

1 

yes 

2.0 

19 

2 

no 

2.0 

20 

2 

yes 

2.0 

21 

4 

no 

2.5 

22 

4 

yes 

— , . , — 

2.0 
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Figure  16.  Pressure  History  for  20%  Aperture  Open-Area,  no  CERCOR, 
no  Cavity  Throughflow 
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Throughflow  and  CERCOR  on 
; 2-inch  Piston  Position 
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Anode  Piston  Position,  inches 

Figure  19.  Task  2 Results  - Effect  of  Flow  on  Damping  Characteristics 
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Figures  16  and  17  show  both  the  unfiltered  and  filtered  pressure  histories  for 
no-flow  and  flow  tests,  respectively,  with  no  CERCOR  in  the  channels  and  zero 
piston  position.  The  nearly  exact  agreement  between  each  filter  band  in  Fig. 

16  and  17  substantiate  the  negligible  effect  of  flow  on  damping  charcteristics . 

It  should  be  noted,  however,  that  the  damp  time  observed  in  Fig.  16  and  17,  i.e., 

3.5  to  4.5  msec,  is  significantly  less  than  that  observed  later  in  Task  3 testing 
under  corresponding  conditions,  i.e.,  23  msec.  The  difference  in  damp  time  is 
almost  certainly  due  to  an  effect  exerted  by  the  aluminum  adapter  and  its  screens. 
The  screens  themselves  probably  act  similar  to  CERCOR  in  the  flow  channel  in  rapidly 
attenuating  the  pressure  oscillation. 

Figure  18  shows  the  small  beneficial  effect  of  CERCOR  in  the  flow  channel  at  the 
2-inch  piston  position  under  both  flow  and  no-flow  conditions.  Figure  19  illus- 
trates the  same  effect  over  a range  of  piston  positions. 

It  was  concluded  that  no  effect  of  flow  on  the  damping  characteristics  exists  over 
the  range  0 < Mach  No.  <0.100. 

CERCOR  PRESSURE  DROP 

An  expression  for  CERCOR  AP  is  provided  by  Corning.*  Assuming  a cavity  Mach 
Number  of  0.10,  the  following  CERCOR  pressure  drops  were  calculated  for  room  air 
flow  through  the  acoustic  model: 

AP  = 0.350  psi  with  two  0.5-inch  CERCOR  inserts 

AP  = 2.10  psi  with  two  3.0-inch  CERCOR  inserts 


*AP 


4f  LpV2 
1 4 4 d 2g 


where  AP  = psi;  f = 
g = 32.2  ft/sec2;  d 
Re  = ; U = lb/ ft 


13.3/Re  for  Re < 1250;  L = in.;  p = lb/ft3;  V = fps; 

= 0.020  in.  for  T20-38  CERCOR;  CERCOR  open  area  = 67%; 
sec 


n 
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Hie  Reynolds  Number  (Re)  at  this  Mach  Number  was  1778.  This  value  of  Re  may  be 
outside  the  limit  of  applicability  of  the  friction  factor  expression  in  the  Cor- 
ning literature  and  consequently  may  result  in  still  higher  CERCOR  AP. 

Upon  completion  of  the  flow  tests,  the  pulse  initiator  was  removed  from  the  Lucite 
model  and  a pressure  gauge  substituted  in  its  place.  Pressure  readings  were  then 
recorded  for  various  GN0  velocities  in  the  lasing  cavity  for  both  0.5-inch  and 
3.0-inch  CERCOR  thicknesses.  The  resulting  data  indicated  a nearly  linear  rela- 
tionship between  AP  and  velocity  (for  both  CERCOR  thicknesses)  over  a range  of 
54  fps  to  108  fps  (920 < Re < 1850  for  40  F GN.,). 

As  expected,  the  AP  for  the  3.0- inch  CERCOR  was  nearly  six  times  (5.4  to  5.8) 
that  for  the  0.5- inch  CERCOR.  Unexpectedly,  however,  the  measured  AP's  were  from 
1.7  to  2.4  times  the  AP's  calculated  using  the  Coming  expression.  One  possible 
explanation  for  the  higher  than  expected  CERCOR  AP's  is  that  the  petrolatum  grease 
used  to  seal  the  Lucite  model  may  have  plugged  a (small)  percentage  of  the  CERCOR 
channels . 
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SLUT I ON  IV:  TASK  3 - ACOUSTIC  RESONATOR  OPTIMIZATION 


SCOPE 


Experimental  optimization  of  the  acoustic  resonator  in  the  ductless  lucite  EDL 
model  was  accomplished  in  terms  of  aperture  area  and  resonator  volume.  The  effect 
of  honeycomb  flow  conditioners  in  both  the  flow  channels  and  in  the  acoustic  reso- 
nator aperture  itself  was  also  determined. 


EXPERIMENTAL  SETUP 


All  tests  in  this  task  were  performed  using  the  ductless  EDL  acoustic  model  shown 
in  Fig.  20  (see  Fig.  1 and  2).  The  model  is  13  inches  in  total  length  and  is 
open-ended.  No  gaseous  cavity  throughflow  was  employed.  Instead,  the  model  con- 
tained quiescent  room  temperature  air.  No  cathode  absorber  was  employed  on  any 
test  in  the  entire  program.  The  cathode  pistons  were  held  at  zero  inch  and  a 
zero-percent  aperture  (i.e.,  solid)  cathode  window  was  inserted  in  the  model 
(see  Fig.  20). 

APERTURE  VARIATION 


Testing  of  various  aperture  open  area  absorbers  was  conducted  in  the  ductless 
acoustic  model  (see  Fig.  20).  No  CERCOR  flow  channel  inserts  were  used.  The 
cathode  window  was  solid  while  the  anode  window  or  anode  aperture,  contained 
a slot  of  given  area.  Aperture  open-areas  (expressed  as  percentages  of  the  4- 
by  1-inch  laser  cavity  area)  of  54,  34,  20,  10,  and  0 percent  were  tested.  A 
photograph  of  the  anode  windows  having  aperture  open-areas  of  10,  20,  34,  54,  and 
76  percent  (left  to  right)  is  shown  in  Fig.  21. 

A summary  of  the  tests  made  in  this  portion  of  Task  3 (tests  1-34)  is  included 
in  Table  4. 
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TABLIi  4.  TASK  3 TEST  SUMMARY 


Test 
No . 

Anode  Window 
Open  Area, 
percent 

CERCOR 

in 

Channel 

Anode  Piston 
Position, 
inch 

CERCOR 

in 

Resonator 

Damp  Time, 
msec 

1 

54 

None 

0 

None 

21.5 

2 

1 

15.5 

3 

2 

14.5 

4 

3 

9.0 

5 

4 

12.0 

6 

5 

12.0 

7 

5 

14.5 

8 

6 

14.0 

9 

1 

8 

10.0 

10 

34 

None 

0 

Nc 

me 

23.0 

11 

1 

15.0 

12 

2 

14.0 

13 

3 

16.0 

14 

4 

14.5 

15 

5 

15.5 

16 

6 

15.5 

17 

8 

27.5 

18 

20 

None 

0 

No 

me 

23.0 

19 

1 

6.0 

20 

2 

4.0 

21 

3 

5.0 

22 

4 

6.5 

23 

5 

6.5 

24 

6 

6.5 

25 

8 

9.5 

26 

li 

0 

None 

0 

No 

me 

22.0 

27 

1 

5.5 

28 

2 

7.0 

29 

3 

7.5 

30 

4 

7.5 

31 

] 

1 

5 

8.5 

TABLE  4.  (Continued) 


Test 
No . 

Anode  Window 
Open  Area, 
percent 

CERCOR 

in 

Channel 

Anode  Piston 
Position, 
inch 

CERCOR 

in 

Resonator 

Damp  Time, 
msec 

32 

10 

None 

6 

None 

10.5 

33 

1 

8 

12.5 

34 

0 

None 

0 

None 

33.0 

35 

34 

0. 

5 in . 

0 

Nc 

>ne 

o 

00 

r—i 

36 

1 

10.0 

37 

2 

7.0 

38 

1 

7.5 

39 

9.5 

40 

1 

9.0 

41 

wj|' 

11.5 

42 

2C 

0 

Nc 

ne 

12.5 

43 

l 

7.0 

44 

2 

4.5 

45 

5.5 

46 

1 

5.5 

47 

1 

6.0 

48 

10.0 

49 

34 

3. 

0 in. 

0 

Nc 

ne 

6.0 

50 

1 

6.0 

51 

2 

6.0 

52 

7.0 

53 

■ 

7.5 

54 

7.0 

55 

' 

7.0 

56 

2C 

f: 

0 

Nc 

ne 

6.0 

57 

■ 

i 

5.0 

58 

2 

5.5 

59 

5.0 

60 

I 1 

5.0 

61 

1 

6.0 

62 

■ 

1 

6.0 

48 


TABLE  4,  (Continued) 


Test 
No . 

Anode  Window 
Open  Area, 
percent 

CERCOR 

in 

Channel 

Anode  Piston 
Position, 
inch 

CERCOR 

in 

Resonator 

Damp  Time, 
msec 

63 

20 

None 

0 

0. 

5 in . 

18.0 

64 

1 

5.0 

65 

2 

7.0 

66 

3 

8.0 

67 

4 

7.5 

68 

5 

10.0 

69 

6 

’ 

11.0 

70 

20 

0 

.5  in . 

0 

0. 

5 in. 

16.0 

71 

1 

6.0 

72 

2 

6.5 

73 

3 

7.0 

74 

4 

8.5 

75 

5 

9.5 

76 

6 

8.5 

77 

20 

3 

.0  in. 

0 

0. 

5 in . 

7.0 

78 

1 

3.5 

79 

2 

4.5 

80 

3 

4.5 

81 

4 

5.0 

82 

5 

5.5 

83 

6 

4.5 

84 

20 

None 

2.5 

3.0  in. 

15.0 

85 

3 

10.5 

86 

4 

11.5 

87 

5 

9.5 

88 

6 

11.5 

89 

20 

0 

5 in. 

2.5 

3.  ( 

) in. 

11.0 

90 

3 

10.5 

91 

4 

10.0 

92 

5 

10.5 

93 

6 

12.0 
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TABLE  4.  (Concluded) 


( 

Test 
No . 

Anode  Window 
Open  Area, 
percent 

CERCOR 

in 

Channel 

Anode  Piston 
Position, 
inch 

CERCOR 

in 

Resonator 

Damp  Time, 
msec 

94 

2 

0 

3. 

0 in. 

2.5 

3.0  in. 

4.5 

95 

3 

6.5 

96 

4 

6.5 

5 

5.0 

6 

5.0 
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The  pressure  response  for  each  test  was  recorded  on  magnetic  tape.  Permanent 
records  of  the  response  were  then  obtained  by  tape  playback.  Pressure  histories 
of  oscillations  lying  within  frequency  bands  of  100  to  1000  Hz,  1 to  2 kHz,  2 to 
4 kHz,  4 to  5 kHz,  and  5 to  10  kHz  were  also  obtained  as  was  done  in  Task  1. 

Pressure  histories  for  the  various  aperture  open-areas  are  shown  in  Fig.  22  to 
25  as  a function  of  anode  piston  position  (absorber  volume).  An  anode  piston 
position  of  zero  inches  corresponds  to  the  piston  position  shown  in  Fig.  20.  In 
actuality,  therefore,  a small  resonator  volume  exists  with  any  aperture  open- 
area  other  than  zero  percent..  A comparison  of  the  damp  times*  for  the  individual 
apertures  is  shown  in  Fig.  26.  The  difference  between  the  damp  time  of  33  msec 
for  0-percent  aperture  area,  0-inch  position  and  the  damp  time  of  21.5  to  23  msec 
for  all  other  aperture  areas  and  0-inch  piston  position  is  believed  due  to  the 
small  resonator  volume  existing  between  the  anode  window  and  the  anode  piston  at 
0 inch. 

At  0-piston  position,  the  predominant  frequency  of  the  pressure  oscillation 
varied  from  484  Hz  for  0-percent  aperture  area  to  about  454  Hz  for  the  other 
aperture  areas.  This  corresponds  to  the  first  acoustic  mode  in  the  open-open 
flow  direction  of  13-inches  with  an  end  correction  of  0.55  inch  at  each  end.  The 
effect  of  lasing  cavity  modes  (1600  to  2200  Hz)  on  the  damp  time  of  the  unfiltered 
oscillation  was  unobservable  with  the  exception  of  the  34-percent  aperture  open- 
area  case.  In  this  instance,  oscillations  of  about  1650  Hz  appeared  to  couple 
with  the  lower  frequency  oscillations  predominant  in  the  other  cases  and  control 
the  damp  time  of  the  unfiltered  oscillation  as  shown  in  Fig.  23.  Similar  results 
were  obtained  in  Task  1.  While  the  damp  time  of  the  filtered  1 to  2 kHz  trace 
was  nearly  equivalent  to  the  damp  time  of  the  unfiltered  trace  for  the  34-percent 
aperture  case,  in  no  other  case  was  the  damp  time  of  the  1 to  2 kHz  filtered 
trace  greater  than  about  3 msec. 

*L)amp  time  is  defined  as  the  time  required  for  the  peak-to-peak  pressure  oscilla- 
tion amplitude  to  fall  to  1/7  of  the  initial  average  overpressure.  The  initial 
average  overpressure  for  all  tests  performed  under  this  contract  was  5.7  psi. 

['he  vast  majority  of  tests  ranged  within  1 psi  of  this  value  although  initial 
disturbance  amplitudes  as  low  as  2.0  psi  and  as  high  as  12.6  psi  were  recorded 
for  the  "identical"  explosive  charges  used  for  pulse  initiation. 
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Figure  22.  Effect  of  Piston  Position  on  Pressure  History 
54%  Aperture  Area,  No  CERCOR 
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. Effect  of  Piston  Position  on  Pressure  History; 
34%  Aperture  Area,  No  CERCOR 
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Figure  24.  Effect  of  Piston  Position  on  Pressure  History 
20%  Aperture  Area,  No  CERCOP 
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Figure  25.  Effect  of  Piston  Position  on  Pressure  History; 
10%  Aperture  Area,  No  CERCOR 
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Figure  26.  Task  3 Test  Results  - Aperture  Optimization 
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Based  upon  the  results  shown  in  Fig.  22  to  2 fa,  it  was  concluded  that  the  perfor- 
mance of  the  20-percent  aperture  area  absorber  was  optimum.  This  aperture  open 
area  which  permits  damping  within  4 to  5 msec  at  a piston  position  of  2- inches  was 
thus  selected  for  predominant  use  in  the  latter  part  of  Task  3 and  in  Task  4. 

CERCOR  INSERTS  IN  HIE  FLOW  CHANNEL 

The  open-ended  acoustic  model  (Fig.  20)  was  used  to  determine  the  effect  of  CLRCOR 
in  the  flow  channel  (upstream  and  downstream  of  the  EDL  cavity)  over  a range  of 
absorber  volumes  using  both  20  and  34%  aperture  open  areas.  These  tests  (tests 
35  to  62)  are  summarized  in  Table  4.  Pressure  histories  are  shown  in  Fig.  27  to 
30.  A comparison  of  the  damp  times  for  the  various  aperture/CLRCOR  combinations 
is  shown  in  Fig.  31. 

Tn  the  case  of  the  34%  aperture  open  area,  the  addition  of  0.5-inch  CLRCOR  reduces 
the  damp  time  from  about  14  msec  (see  Fig.  26)  to  about  7 msec.  The  addition  of 
3.0-inch  CERCOR  reduces  the  damp  time  a bit  further  to  about  6 msec. 

In  the  case  of  the  20%  aperture  open  area,  the  addition  of  0.5-inch  CERCOR  results 
in  a damp  time  of  about  4.5  msec  compared  to  a value  of  about  4 msec  recorded 
previously  (see  Fig.  26)  with  no  CERCOR.  The  addition  of  3-inch  CERCOR  results 
in  a damp  time  of  about  5 msec. 

ITius,  it  is  apparent  that  no  advantage  is  derived  from  the  addition  of  CERCOR 
in  the  flow  channels  with  the  20%  aperture  open  area  absorber.  The  addition  of 
CERCOR  does  improve  the  damp  time  of  the  34%  aperture  open-area  absorber  but  not 
to  a point  where  it  outperforms  the  20%  absorber. 

CLRCOR  INSERTS  IN  THE  RESONATOR 

The  effect  of  inserting  CLRCOR  directly  behind  the  anode  window  in  the  resonator 
volume  was  also  investigated  using  the  open-ended  Lucite  model.  A 20%  aperture 
open  area  was  employed  and  tests  were  made  both  with  and  without  CLRCOR  in  the 
flow  channels.  The  physical  appearance  of  the  model  with  CERCOR  in  the  resonator 
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Figure  27.  Effect  of  Piston  Position  on  Pressure  History; 
34%  Aperture  Open  Area,  0.5-inch  CERCOR 
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Figure  29.  Effect  of  Piston  Position  on  Pressure  History; 
34%  Aperture  Open  Area,  3-inch  CERCOR 
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Figure  30.  Effect  of  Piston  Position  on  Pressure  History; 
20%  Aperture  Open  Area,  3- inch  CERCOR 
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volume  is  shown  in  Fig.  32.  When  the  3-inch  CERCOR  was  placed  in  the  resonator 
volume,  the  piston  was  restricted  to  positions  > 2.5  inches  with  a void  space 
existing  at  the  sides  of  the  CERCOR.  Results  for  these  tests  (tests  63  to  98) 
are  summarized  in  Table  4.  Pressure  histories  are  shown  in  Fig.  33  to  38.  A 
comparison  of  the  damp  times  for  the  two  CERCOR  thicknesses  (0.5  and  3.0  inches) 
is  shown  in  Fig.  39  and  40. 

As  mentioned  earlier  (no  CERCOR  in  resonator),  damp  times  of  approximately  4,  4.5, 
and  5 msec  were  recorded  for  the  20%  absorber  with  no  CERCOR,  0.5-inch  CERCOR, 
and  3-inch  CERCOR,  respe  tively,  in  the  flow  channels  (Fig. 26  and  31).  With  the 
addition  of  0.5-inch  CERCOR  in  the  resonator  volume,  damp  times  of  approximately 
5,  6,  and  3.5  msec  were  observed  for  the  same  three  cases  (Fig.  39).  Similarly, 
with  the  addition  of  3.0-inch  CERCOR  in  t;he  resonator  volume,  damp  times  of 
approximately  10,  10  and  5 msec  were  observed  for  the  same  three  cases  (Fig.  40). 

Consequently,  it  is  concluded  that  the  addition  of  CERCOR  in  the  resonator  volume 
does  not  appear  at  all  attractive  in  the  case  of  the  20%  aperture  open-area 
absorber. 
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Figure  33.  Effect  of  Piston  Po 
20%  Aperture  Open  A 
no  C.i.KCOR  in  Channe 
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Figure  34.  Effect  of  Piston  Position  on  Pressure  History; 

20%  Aperture  Open  Area,  Jj-inch  CERCOR  in  Resonator 
'i-inch  CERCOR  in  Channel 
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Figure  36.  Effect  of  Piston  Position  on  Pressure  History; 

20%  Aperture  Open  Area,  3- inch  CERCOR  in  Resonator, 
no  CERCOR  in  Channel 


Figure  37.  Effect  of  Piston  Position  on  Pressure  History; 

20%  Aperture  Open  Area,  3-inch  CERCOR  in  Resonator, 
inch  CERCOR  in  Channel 


20  percent  Aperture 


3.0-in.  CERCOR  in  channel 


2 3 4 5 

Anode  Piston  Position,  inches 


□ 20  percent  Aperture;  no  CERCOR  in  channel 

3 20  percent  Aperture;  0.5" in.  CERCOR  in  channel 


Figure  39.  Task  3 Test  Results  - Effect  of  0.5-inch  CERCOR  in  Resonator 
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Figure  40.  Task  3 Test  Results  - Ff feet  of  3-inch  CERCOR  in  Resonator 
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SUCTION  V:  TASK  4 - DUCT  TERMINATION  STUDIES 


SCOPE 

The  open-ended  Lucite  EDL  acoustic  model  shown  in  I ig.  2 was  modified  to  include 
three  types  of  flow  duct  terminations: 

1.  Simple  closed-duct  termination  wherein  the  cavity  exhaust  flows  into 

a simple  straight  section  which  is  blocked  to  induce  longitudinal  pres-, 
sure  wave  modes  similar  to  those  observed  in  the  AFWL  EDL  acoustic  data. 

2.  Complex  duct  termination  wherein  the  cavity  exhaust  is  ducted  into  a 
flow  channel  which  is  partially  blocked  to  simulate  a heat  exchanger. 

5.  Plenum  duct  termination  wherein  a large  plenum  volume  will  be  incorpora- 
ted adjacent  to  the  cavity  inlet  and  exit  regions. 

Tests  were  performed  to  optimize  the  acoustic  resonator  and  investigate  the  effect 
of  iLRCOH  in  the  flow  channels  for  each  type  of  duct  termination. 

TASK  4 A - SIMPLE  CLOSED-DUCT  TERMINATION 

The  simple  closed-duct  termination  consisted 
simply  of  an  insert  for  each  end  of  the  13- 
inch-long  open-ended  acoustic  model  which 
closes  each  end  so  that  the  end-to-end  channel 
length  of  the  model  is  13- inches.  A sketch 
of  this  insert  is  shown  in  fig.  41  and  a 
photograph  of  the  insert  is  shown  in  Iig.  42. 

The  insert  serves  to  effectively  double  the 
frequency  of  the  first  acoustic  mode  in  the 
model  (see  Fig.  43),  raising  it  from  484 
Hz  to  1044  Ilz.  This  brings  the  predominant 
frequency  closer  to  the  883  Hz  measured  in 
the  AFWL  data  in  Task  1. 


Figure  41.  Design  of  Simple 
Closed- Duct 
Terminat ion 
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As  in  Task  3,  all  tests  in  Task  4 were  made  with  no  cathode  absorber. 

1'he  simple  closed-duct  teimination  was  initially  tested  with  zero  anode  aperture 
area  to  establish  a base  value  of  oscillation  frequency  and  damp  time.  The  closed- 
duct  termination  was  then  tested  both  with  and  without  CERCOR  in  the  flow  channels 
over  a range  of  resonator  volume  using  20%  aperture  open  area.  Additional  tests 
were  made  using  10%  and  34%  aperture  open  areas  with  no  CERCOR  in  the  flow  channels. 
Results  of  these  tests  are  found  in  Table  S. 

Oscilloscope  traces  for  both  the  13-inch  open-duct  termination  fTest  34,  Task  3) 
and  the  13- inch  closed-duct  termination  (Test  1,  Task  4A) , when  both  anode  ind 
cathode  solid  windows  were  employed,  are  compared  in  Fig.  44.  Damp  time  for  the 
484-11:  pressure  oscillation  in  the  open-duct  termination  was  33  msec  compared 
to  a damp  time  of  217  msec  for  the  1044-Hz  pressure  oscillation  in  the  closed- 
duct  termination. 

Pressure  histories  for  the  remainder  of  the  Task  4A  testing  (tests  2 to  31)  are 
shown  in  Iig.  45  to  50.  A comparison  of  the  damp  times  for  the  various  aperture 
open-area/CERCOR  combinations  is  shown  in  Fig.  51. 

Figure  45  shows  both  unfiltered  and  filtered  pressure  histories  for  20%  aperture 
open-area,  no  CERCOR,  and  a 5-inch  piston  position.  The  predominance  of  the 
1050-i(z  mode  is  evident.  fn  addition,  the  importance  of  higher  frequencies 
representative  of  possible  cavity  modes  are  also  much  in  evidence. 

Damp  times  of  approximately  12,  6,  and  2 msec  were  recorded  for  20%  aperture 
open-area  tests  with  no  CERCOR,  0.5-inch  CERCOR,  and  3.0- inch  CERCOR,  respectivel - . 
These  can  be  compared  with  the  damp  times  of  approximately  4,  4.5,  and  5 msec 
recorded  for  similar  tests  in  the  open-ended  model.  Thus,  it  appears  that  the 
20%  aperture  open  area  absorber  is  not  as  effective  at  the  higher  frequency 
characteristic  of  the  closed-duct  termination  as  it  is  at  the  lower  frequency 
characteristic  of  the  open-ended  model.  The  presence  of  CERCOR  has  a much  greater 
effect  at  the  higher  frequency,  however. 
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TABLL  5 . 


TASK  4 A IF  ST  SUMMARY 




Test 

No. 

Anode  Window 
Open  Area, 
percent 

CFRCOR 

in 

Channel 

Anode  Piston 
Position , 
inch 

Damp  Time, 
msec 

1 

o 

None 

0 

27.0 

2 

20 

None 

0 

12.0 

3 

1 

13.0 

4 

2 

16.0 

5 

3 

23.0 

6 

4 

17.0 

n 

5 

16.5 

8 

6 

14.5 

9 

20 

0.5  in. 

0 

6.0 

10 

1 

7.0 

U 

2 

7.0 

12 

3 

8.0 

4 

8.0 

1 H 

6 

9.0 

15 

20 

3.0  in. 

0 

2.0 

16 

1 

1.5 

17 

2 

2.5  1 

18 

2 

3.0 

19 

3 

2.0 

20 

4 

2.0 

21 

6 

2.5 

22 

34 

None 

0 

19.0 

23 

1 

13.0 

24 

2 

16.0 

25 

3 

19.0 

26 

4 

21.0 

. ( 

27 

10 

None 

0 

12.5 

28 

1 

18.0 

•>o 

2 

19.0 

3 

20.0 

] 

4 

21.0 
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Figure  40.  Effect  of  Piston  Position  on  Pressure  History  for 
Closed-Duct  Termination;  20%  Aperture  Open  Area, 
no  CERCOR 
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8 psi 


Figure  47.  Effect  of  Piston  on  Pressure  History  for  Closed-Duct 
Termination;  20%  Aperture  Open  Area,  *j-inch  CF.RCOR 
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Figure  49.  Effect  of  Piston  Position  on  Pressure  History  for  Closed- 
Duct  Termination;  34%  Aperture  Open  Area,  no  CERCOR 
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Figure  50. 


Effect  of  Piston  Position  on  Pressure  History  for  Closed 
Duct  Termination;  10%  Aperture  Open  Area,  no  CF.RCOR 
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Damp  Time,  millisecond 


O 0 percent  aperture;  no  CERCOR 

A 10  oercent  aperture;  no  CERCOR 
■ 20  Percent  aperture;  re  CEPXOR 

Q 20  percent  aperture;  0.5-in.  CERCOR 
□ 20  percent  aperture;  3.0-in.  CERCOR 

▼ 34  percent  aperture;  no  CERCOR 


Anode  Piston  Position,  inches 


i^ure  51.  lask  4A  Test  Results  - Effect  of  Closed-Duct  Termination 


The  strange  curve  shown  for  20%  aperture  open  area  and  CERCOR  in  Fig.  51  is  due, 
no  doubt,  to  the  presence  of  the  small  volume  which  exists  behind  the  aperture 
even  at  cero  piston  position  (see  Fig.  20).  'Hie  optimum  piston  position  should 
theoretically  decrease  with  increasing  frequency,  and  it  is  evident  that  the  data 
indicate  optimum  tuning  occurs  at  a distance  within  the  ever-present  small  volume 
belli nd  the  aperture. 

Filtered  traces  for  34%  aperture  open  area  and  no  CERCOR  indicated  the  presence 
f a 5"0-lic  mode  in  addition  to  the  1050-llz  mode  which  predominated  with  both  20% 
and  10%  aperture  open  area.  This  probably  accounts  for  the  fact  that  the  optimum 
piston  position  (see  Fig.  51)  is  greater  for  the  34%  open-area  absorber  (i.e., 

1 inch)  than  for  the  20%  and  10%  open  areas  (i.e.,  0-inch). 

The  use  of  an  acoustic  absorber  by  itself  is  seen  in  Fig.  51  to  reduce  the  damp 
time  by  a factor  of  2.3  (from  27  to  12  msec).  The  20%  aperture  open  area  found 
optimum  in  Task  3 appears  to  also  be  optimum  or  near  optimum  in  Task  4A.  However, 
the  acoustic  absorber  by  itself  is  observed  to  be  much  less  effective  than  the 
3. 0-inch  CERCOR  in  damping  the  pressure  oscillation  in  the  case  of  the  closed- 
duct  termination. 
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TASK  4 B - COMPLEX  CLOSED-DUCT  TERMINATION 


The  complex  closed-duct  termination  consisted  simply  of  an  insert  for  each  end  of 
the  13- inch- long,  open-ended  acoustic  model  which,  while  still  open  at  the  ends, 
contains  a flow  area  partially  blocked  by  rods  (which  attempts  to  simulate  the 
flow  of  gas  through  a bank  of  heat  exchanger  tubes).  Details  of  the  arbitrarily 
selected  rod  configuration,  which  contained  50  0.10-inch-diameter  rods  spaced 
0.1875  inch  apart  and  positioned  perpendicular  to  the  flow  axis,  are  shown  in 
Pig.  52.  A photograph  of  the  inserts  is  shown  in  Fig.  53. 

The  complex  closed-duct  termination  was  initially  tested  with  zero  anode  aperture 
area  (solid  window)  to  establish  a base  value  of  oscillation  frequency  and  damp 
time.  An  oscilloscope  trace  of  this  test  (test  1,  Task  4B)  is  shown  in  Fig.  54. 

The  oscillation  frequency  of  304  Hz  corresponds  to  the  first  open-open  acoustic 
mode  in  the  20.5-inch-long  (end  to  end)  model  (with  an  end  correction  of  1.0  inch 
at  each  end).  A very  short  damp  time  of  about  9.5  msec  was  noted. 

1'he  complex  closed-duct  termination  was  then  tested  both  with  and  without  CERCOR 
in  the  flow  channels  over  a range  of  resonator  volume  using  20  percent  aperture 
open  area.  Results  of  all  Task  4B  tests  are  found  in  Table  6. 

Pressure  histories  for  tests  2 to  19  are  shown  in  Fig.  55  to  57.  A comparison 
of  the  damp  times  for  the  tests  with  and  without  CERCOR  is  shown  in  Fig.  5S . 

Figures  55  and  56  reveal  the  presence  of  a 1700  Hz  oscillation  frequency  in  ad- 
dition to  the  300  Hz  mode.  This  frequency  may  indicate  interaction  with  cavity 
modes.  The  optimum  damp  time,  however,  is  about  6 msec  for  this  duct  determination 
for  the  acoustic  absorber  alone  (see  Fig.  58).  The  use  of  CERCOR  does  not  ap- 
preciably improve  damp  time.  The  fact  that  neither  optimization  of  the  acoustic 
absorber  nor  use  of  the  CERCOR  flow  conditioner  improves  danq  time  by  any  more 
than  4 or  5 msec  implies  that  the  solid  rods  in  the  duct  inserts  (heat  exchanger 
tube  simulants)  provide  a very  significant  amount  of  damping  by  themselves. 
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TABLE  6.  TASK  4B  TEST  SUMMARY 


Test 

No. 

Anode  Window 
Open  Area, 
percent 

CERCOR 
i n 

Channel 

Anode  Piston 
Pos i tion , 
inch 

Damp  Time, 
msec 

1 

0 

None 

0 

9.5 



20 

None 

0 

10.0 

3 

1 

8.5 

4 

2 

6.0 

S 

3 

10.5 

6 

4 

7 

5 

10.0 

8 

6 

13.0 

9 

20 

0. 

5 in . 

0 

10.0 

10 

1 

8.5 

11 

2 

7.0 

12 

3 

7.5 

13 

4 

15.5 

14 

6 

12.0 

15 

20 

3.0  in. 

0 

6.0 

16 

1 

6.0 

17 

2 

6.0 

18 

4 

5.5 

19 

6 

5.0 

> igure  j:>.  Lttect  ot  Piston  Position  on  Pressure  History  for  Complex  Closed-Duct 
lermi nation;  20  percent  Aperture  Open  Area,  no  CERCOR 
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Figure  56.  Effect  of  Piston  Position  on  Pressure  History  for  Complex  Closed- 
Uuct  Termination;  20-percent  Aperture  Open  Area,  0.5-inch  CERCOR 
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Figure  57. 


Effect  of  Piston  Position  on  Pressure  History  for  Complex  Closed 
Duct  Termination;  20-percent  Aperture  Open  Area,  3.0- inch  CERCOR 
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O 0 percent  eperture;  no  CERCQR 
■ 20  percent  aperture;  ho  CERCOfc 
9 20  percent  aperture;  0.5- In.  CERC0R 
0 20  percent  eperture;  3.Q-in.  CERCQR 
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Figure  58.  Task  4B  Test  Results  - Effect  of  Complex  Closed-Duct  Termination 


TASK  4C  - PLENUM  DUCT  TERMINATION 


The  plenum  duct  termination  consisted  of  an  irregular,  T-shaped  insert  for  each 
end  of  the  13-inch-long  open-ended  acoustic  model.  Detail  design  is  shown  in 
Fig.  59.  The  insert  thus  closes  the  flow  channel  and  provides  for  turning  of  an 
acoustic  wave.  A photograph  of  the  inserts  prior  to  being  joined  with  the  basic 
acoustic  EDL  model  is  shown  in  Fig.  60. 

The  plenum  duct  termination  was  initially  tested  with  zero  anode  aperture  (solid 
window)  to  establish  a base  value  of  oscillation  frequency  and  damp  time.  An 
oscilloscope  trace  of  this  test  (test  1,  Task  4C)  is  shown  in  Fig.  54.  An  apparent 
oscillation  frequency  of  694  Hz  was  observed.  This  apparent  frequency  of  694  Hz 
results  from  superposition  of  frequencies  of  570  Hz  and  318  Hz.  The  570  Hz  is  cal- 
culated for  a wave  traveling  to  the  closed  end  of  the  insert  after  turning  90  de- 
grees. The  318  Hz  is  calculated  for  a wave  traveling  to  the  (nearer)  closed  side 
of  the  insert  without  turning.  As  shown  in  Fig.  54,  the  damp  time  noted  for  this 
duct  termination  was  73  msec,  a value  in  excess  of  any  previous  damp  time  measured 
during  this  contract. 

The  plenum  duct  termination  was  then  tested  both  with  and  without  CERCOR  in  the 
flow  channels  over  a range  of  resonator  volumes  using  20-percent  aperture  open 
area.  Additional  tests  were  made  using  10-  and  34-percent  perture  open  area  with 
no  CERCOR  in  the  flow  channels.  Results  of  these  tests  are  found  in  Table  7. 

Pressure  histories  for  tests  2 to  34  are  shown  in  Fig.  61  to  65.  A comparison 
of  the  damp  times  for  the  various  aperture  open  area/CERCOR  combinations  is  shown 
in  Fig.  66. 

Figure  66  reveals  that  optimization  of  the  acoustic  absorber  occurs  with  a 20- 
percent  aperture  area  and  3-inch  piston  position.  A damp  time  of  about  14.5  msec 
is  recorded  for  this  configuration.  This  represents  a factor  of  5 reduction  from 
the  73-msec  damp  time  recorded  with  no  damping  device. 


A factor  of  9 reduction  in  damp  time  is  achieved,  however,  through  use  of  3.0-inch 
CERCOR  in  the  flow  channels  without  acoustic  resonators.  A further  reduction 
(factor  of  12)  in  damp  time  to  6 msec  is  noted  when  CERCOR  and  a 20-percent  open- 
area  acoustic  resonator  with  2-inch  piston  position  are  employed  together. 
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Figure  61.  Effect  of  Piston  Position  on  Pressure  History  for  Plenum  Duct  Ter- 
mination; 20-percent  Aperture  Open  Area,  no  CERCOR 
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Figure  62.  Effect  of  Piston  Position  on  Pressure  History  for  Plenum 

Duct  Termination;  20-percent  Aperture  Open  Area  0.5-inch 
CERCOR  • 
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figure  63. 


Effect  of  Piston  Position  on  Pressure  History  for  Plenum  Duct  Ter- 
mination; 20-percent  Aperture  Open  'rea,  3.0-inch  CERCOR 
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figure  64.  Effect  of  Piston  Position  on  Pressure  History  for  Plenum  Duct  Ter- 
mination; 10-percent  Aperture  Open  Area,  no  CERCOR 
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Figure  65.  Effect  of  Piston  Position  on  Pressure  History  for  Plenum  Duct  Ter- 
mination; 34-percent  Aperture  Open  Area,  no  CERCOR 
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Damp  Time,  millisecond 
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Figure  66.  Task  4C  Test  Results  - Effect  of  Plenum  Duct  Termination 
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SECTION  VI:  TASK  5 


ANALOG  MODEL  ANALYSIS 


SCOPE 

A mathematical  model  developed  previously  under  Ret.  2 w a s modi  lied  to  provide 
accurate  representation  of  disturbance  frequencies  up  to  2500  Hz.  This  model  re- 
vision was  based  upon  the  experimental  results  of  Tasks  1 through  4 of  the  subject 
contract,  as  well  as  the  experimental  results  of  Ref.  1.  The  resultant  model  was 
used  to  investigate  the  effects  of  high-frequency  pressure  and  temperature  oscilla- 
tions on  closed-cycle  fluid  supply  system  dynamic  performance  and  control  system 
design.  The  improved  model  was  used  to  determine  amplitude  and  depth  of  penetra- 
tion of  pressure  and  temperature  oscillations  into  the  closed-cycle  feed  system 
and  to  evaluate  the  effect  of  attenuation  devices  and  honeycomb  flow  conditioners 
on  these  disturbances. 

RESULTS 

A high-frequency  analog  model  simulating  the  plexiglass  EDL  acoustic  model  shown 
in  Tig.  20  was  constructed.  The  plexiglass  model  was  first  tested  under  Contract 
i 29o01-"5-0034-0003  (Ref.  1)  with  several  geometric  variations:  (1)  both  with 

and  without  CERCOR  inserts,  (2)  various  acoustic  aperture  areas  and  resonator 
volumes,  and  (3)  both  with  and  without  3-foot  long  flow  ducts  on  either  side  of 
the  13-mch-long  model.  The  modeling  technique  used  to  develop  the  analog  model 
was  evaluated  through  comparison  of  similar  analytical  and  experimental  tests. 

Ihe  high-frequency  analog  model  simulated  the  1/8  grain  explosive  charge  set  off 
in  the  cavity.  The  frequency  and  amplitude  of  the  resultant  pressure  oscillations 
observed  in  the  analog  model  were  then  compared  with  experimental  pressure  histories. 

The  analog  computer  model  consists  of  a 9-lump  parameter  representation,  of  which 
the  lasing  cavity  was  3 lumps  and  the  CERCOR  inserts  3 lumps  on  each  side.  Each 
lump  consists  of  mass  and  energy  continuity  with  both  linear  and  nonlinear  flow 
resistance  between  nodes.  In  addition,  descriptions  of  an  acoustic  absorber  and 
the  inlet  and  exit  flow  ducts  were  included,  employing  the  modal  analysis  technique 
fas  opposed  to  lumped  parameter  technique)  which  includes  all  resonant  modes  up  to 
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J.nH)  I i z . The  absorber  description  is  connected  to  the  lasing  cavity  by  a nonlinear 
i low  resistance  representing  the  aperture.  The  flow  ducts,  containing  linear  re- 
sistance, interface  on  either  side  of  the  13-inch-long  model  section  (Fig.  20). 

A comparison  of  the  analytical  and  experimental  pressure  histories  is  shown  in 
iig.  o~  through  To.  Kith  no  flow  ducts,  no  CLRCOR,  and  no  acoustic  absorber, 
good  agreement  between  the  experimental  data  and  the  analog  model  was  observed 
(Fig.  67).  Frequencies  were  duplicated  to  within  7.5  percent  and  damp  times  to 
within  14  percent.  Figure  68  shows  the  effect  of  adding  a 5-inch-long  anode  ab- 
sorber with  76-percent  aperture  open  area,  and  Fig.  69  and  70  show  the  effect  of 
CLRCOR  addition,  the  former  configurations  all  resulting  in  good  agreement  with 
the  analog  model.  The  addition  of  3-foot-long  flow  ducts  (Fig.  71  through  73) 
substantially  changed  the  damping  characteristics  but,  again,  reasonable  analog 
model  simulation  was  achieved,  i.e.,  the  dominant  frequency  was  duplicated  within 
8 percent  and  damp  times  within  10  percent.  The  damp  times  obtained  from  the 
analog  model  are  compared  in  Fig.  74  to  damp  times  from  Lucite  model  test  data 
obtained  in  Ref.  1 with  various  anode  piston  positions  and  an  absorber  open  area 
of  “6  percent.  Again,  acceptable  comparison  between  the  analog  model  and  the  test 
data  is  shown.  The  maximum  deviation  in  damp  time  was  20  percent  with  the  excep- 
tion of  the  furthest  (10-inch)  anode  piston  position. 

It  was  concluded  that  the  high-frequency  analog  modeling  technique  is  acceptable, 
and  represents  a tool  that  can  be  used  to  evaluate  high-frequency  pulse  character- 
istics in  an  LDL  closed-cycle  fluid  supply  system. 

A schematic  of  a typical  closed-cycle  fluid  supply  system  is  shown  in  Fig.  75. 

It  contains  a compressor,  which  circulates  a laser  gas  mixture  of  He,  N2  and  CO2. 

A monopropellant  hydrazine  gas  generator  provides  high  temperature  gas  to  drive 

the  turbocompressor.  The  cavity  exit  heat  exchanger  is  used  to  remove  the  heat 

released  due  to  lasing  inefficiency,  while  the  inlet  heat  exchanger  is  used  to 

remove  the  heat  of  compression.  During  lasing,  the  nominal  fluid  pressures  are: 

(1)  at  the  inlet  of  the  upstream  flow  duct,  P^  = 16.5  psia  (2)  at  the  cavity 

entrance,  P , = 15  psia,  and  (3)  at  the  exit  of  the  downstream  flow  duct,  P..  = 

L4  01 

13.0.  The  analog  model  was  first  run  as  a continuous  wave  system  to  establish 
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figure  67.  Pressure  Response  to  Pulse  (Open-Ended  Cavity) 


109 


d- 


PRESSURE  PRESSURE 


EXPERIMENT 


5"  ANODE  ABSORBER 
76%  OPEN  AREA 


Pressure  Response  to  Pulse  (Open-Ended  Cavity 
with  Anode  Absorber) 


ligure  08 


WH 

0 msec 

1 

1 , 1 f 

i I 

[ t i. 

l ..r 

| -r 
i . ..  -i 

i 

i — t t 

.1 

; 

!. . ! J 

1 1 • 

.. 

1 ! , 

i f t i ‘i  r T 

. 1— — 4 4—  h 

T T 

RMl! 

PRESSURE 


Figure  69.  Pressure  Response  to  Pulse  (Open-Ended  Cavity 
with  0.5-inch  CERCOR) 
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Figure  73.  Pressure  Response  to  Pulse  (Open-Ended  Flow  Ducts  on 
Either  End  of  Cavity  with  3-inch  CERCOR) 
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Figure  74.  Comparison  of  Analog  Model  and  Test  Data 
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HEAT 
EXCHANGERS 


nominal  operating  characteristics.  The  high-frequency  section  (between  the  two 
heat  exchangers)  was  modeled  using  the  techniques  proved  satisfactory  above.  The 
equations  comprising  the  analog  model  were  modified  to  accommodate  the  physical 
dimensions  of  the  ducting  and  cavity  (Fig.  75).  A dual  lasing  cavity  was  simulated, 
each  cavity  with  dimensions  of  3.63  by  3.63  by  59  inches.  On  either  end  of  the 
cavity  5.63  inches  of  CERCOR  is  provided.  The  weight  of  gas  in  the  entire  loop 
volume  of  75,253  in.'^  is  2.67  pounds.  A volume  of  36,086  in.'5  containing  1.22 
pounds  of  gas  exists  between  the  heat  exchangers.  The  analog  model  was  used  pri- 
marily to  evaluate  oscillation  damping  and  determine  the  acceptability  of  a 1.25 
idealized  flush  factor*  for  the  system  described  above.** 

Results  of  the  analog  model  analysis  are  shown  in  Fig.  76  through  79.  Run  030 
(Fig.  76)  represents  a steady-state  firing  condition.  The  fluid  conditions  arounc 
the  loop  are  as  shown  in  Fig.  80.  At  the  time  of  a 20  usee  pulse,  the  pressure  in 
the  three  sections  of  the  cavity  increases  approximately  22  psi.  This  nearly 
constant  volume  process  results  in  temperature  spike  at  both  the  cavity  inlet  and 
exit.  Flowrate  reverses  at  the  entrance  to  the  cavity  to  -64  lb/sec.  This  flow- 
carries  upstream  some  high-temperature  gas  from  the  lasing  process.  This  is 
evidenced  by  the  fact  tha>-  prior  to  the  next  pulse,  the  temperature  in  the  down- 
stream section  of  the  cavity  (T  ) is  50  R higher  than  that  which  would  exist  if 
the  flowrate  had  not  reversed  Pressure  oscillations  are  less  than  0.1  psi  in 
the  ducting  on  either  side  of  the  compressor.  Temperature  and  flow  oscillations 
are  ±9  R and  ±2.7  lb/sec,  respectively  at  the  downstream  flow  duct  entering  the 
heat  exchanger,  which  should  not  significantly  affect  heat  exchanger  performance. 
Temperature  and  flow  oscillations  are  ±5  R and  ±1.3  lb/sec  at  the  upstream  flow 
duct  entrance  due  to  the  pulse  energy  in  the  cavity.  Just  prior  to  a pulse, 
pressure  oscillations  are  damped  to  ±0.6  psi  in  the  cavity  (see  Fig.  76).  Tem- 
perature at  the  cavity  inlet  section,  T , is  fairly  steady  (low  amplitude  os- 
dilation)  for  1 msec  prior  to  the  next  pulse  but  is  decreasing.  Temperature  at 


*Flush  factor  - time  between  pulses/stay  time  of  gas  in  lasing  cavity  due  to  flow- 
only  . 

**The  system  described  in  Fig.  75  contained  no  acoustic  absorbers,  only  CERCOR. 
This  was  occasioned  by  the  fact  that  for  the  majority  of  tests  in  Tasks  1-4,  the 
use  of  3.0-inch  CERCOR  by  itself  resulted  in  a damp  time  better  than,  or  com- 
parable to,  the  damp  time  observed  through  the  use  of  acoustic  absorbers  alone. 
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the  cavity  exit  section,  T , has  a somewhat  larger  amplitude  oscillation,  ±10  R, 

LO 

while  decreasing  prior  to  the  next  pulse.  Flowrate  oscillations  within  the  cavity 
remain  large,  ±6  lb/sec  prior  to  a pulse,  due  to  the  low  cavity  flow  impedance. 
Based  upon  the  temperature  and  pressure  oscillations  shown  in  Fig  76*  and  discussed 
above,  density  variations  of  from  2 to  5 percent  are  expected  to  exist  in  the  two 
axes  normal  to  the  laser  beam  when  a flush  factor  of  1.25,  ie.,  3.6  msec  between 
pulses,  is  employed. 

Run  052  (Fig  77*)  represents  a steady-state  firing  with  the  exit  CERCOR  removed  in 
an  attempt  to  reduce  pressure  and  temperature  oscillations  in  the  cavity  (by  min- 
imizing flowrate  reversal).  Pressure  oscillations  in  the  cavity  just  prior  to  a 
pulse  were  worsened,  ±1.0  psi,  along  with  increased  temperature  and  flowrate  os- 
cillations. The  initial  pressure,  flowrate,  and  temperature  spikes  resulting  from 
a pulse  were  comparable  to  Run  030  (with  CERCOR  on  both  ends  of  the  cavity) . 

Run  033  (Fig  78*)  shows  the  effects  of  an  increased  idealized  flush  factor  of  1.5, 
i.e.,  4.28  msec  between  pulses,  to  evaluate  the  improvement  in  damping  just  prior 
to  a pulse.  Pulse  power  was  not  increased.  In  general,  cavity  temperature  just 
prior  to  a pulse  was  reduced  closer  to  the  nominal  value.  Pressure  in  the  cavity 
indicated  no  damping  improvement,  due  to  reflection  of  a pressure  wave  off  the 
heat  exchanger  at  the  time  of  the  pulse. 

Run  034  (Fig  79*)  shows  the  effect  of  a mis-pulse,  i.e.,  7.1  msec  separating  two 
successive  pulses.  Pressure  oscillations  in  the  cavity  were  damped  to  ±0.3  psi, 
during  the  missed  pulse  elapsed  time.  Temperature  throughout  the  cavity  was 
reduced  to  the  nominal  value  prior  to  the  next  pulse.  A total  of  5.0  msec  was 
required  for  the  exit  cavity  section  temperature  to  reduce  to  within  5 R of  the 
nominal  inlet  temperature  (this  represents  a flush  factor  of  1.75). 

It  is  concluded  that  the  subsonic,  pulsed  wave  EDL,  closed-cycle  fluid  supply  sys- 
tem investigated  in  this  report  (Fig.  75)  can  provide  a spatial  cavity  density 
distribution  prior  to  each  pulse  within  ±2  to  ±5  percent  in  the  two  axes  normal 
to  the  beam,  using  idealized  flush  factors  of  1.25  to  1.75.  These  disturbances 
result  from  the  temporal  pressure  and  temperature  variations  following  each  pulse, 
rather  than  the  spatial  fluid  properties  supplied  b>  the  closed-cycle  system. 

*Figures  76,  77,  78,  and  79  are  foldouts  and  appear  at  the  end  of  this  report. 
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DATA  EXPLANATION 


SECTION  VII:  CONCLUSIONS 


The  objective  of  this  program  was  to  further  investigate  the  use  of  acoustic  ab- 
sorbers and  honeycomb  flow  conditioners  as  attenuation  devices  in  a pulsed  electric 
discharge  laser. 

Previous  data  obtained  using  the  Kirtland  50-kK  device*  indicated  a predominant 
/ 

pressure  oscillation  frequency  of  about  883  Hz.  Decay  of  this  predominant  fre- 
quency was  found  to  be  essentially  achieved  within  2.5  msec  of  pulse  nitiation 
(a  factor  of  5 reduction  in  amplitude  being  reached  at  that  time  . Damping  of 
the  complex  pressure  wave  to  a factor  of  7 reduction  in  amplitude  was  found  to 
occur  within  about  53  msec  (39  to  95  msec  range)  for  the  Kirtland  50-kK  device. 
Interferometry,  however,  suggested  damping  to  acceptable  beam  quality  in  4 msec. 

The  following  conclusions  were  drawn  from  the  results  described  previously  in  this 
report . 

Iask  1:  An  analysis  of  the  AFWL  data  and  the  Rocketdvne  acoustic  model  data  ob- 

tained in  Ref.l  led  to  the  conclusion  that  laser  cavity  modes  (2  to  3 kHz)  exert 
relatively  little  influence  in  the  attenuation  of  the  pressure  oscillation.  The 
predominant  frequency  apparent  in  the  data  (<1  kHz)  is  most  probably  related  to 
flow  channel  modes.  The  method  of  determining  damp  time  by  measuring  the  time 
required  for  the  peak-to-peak  pressure  oscillation  to  fall  to  one-seventh  of  its 
average  initial  amplitude  is  concluded  to  be  satisfactory  for  further  application. 

iask  2:  It  was  concluded  that  there  is  no  measurable  effect  of  cavity  throughflow 

on  the  damping  characteristics,  at  least  over  the  range  (0  < Mach  No.  < 0.100) 
investigated. 

Task  3:  lor  a ductless  EDL  acoustic  model  with  a predominant  frequency  of  484  Hz, 

optimum  damping  was  achieved  using  a 20-percent  aperture  and  a 2-inch  piston  posi- 
tion. A factor  of  8 reduction  in  damp  time  (from  33  to  4 msec)  was  noted. 

*This  device  contained  absorbers  at  the  end  of  its  flow  ducts. 
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l'he  addition  of  CLRCOR  in  the  flow  channel  did  not  improve  the  damping  character- 
istics of  the  20-percent  aperture  absorber;  a 3.0-inch  CERCOR  thickness  resulted 
in  a factor  of  5.5  reduction  in  damp  time  (from  33  to  6 msec).  However,  the 
damping  characteristics  of  an  off-optimum  (34  percent)  aperture  open-area  absorber 
were  significantly  improved  with  CLRCOR  added  to  the  flow  channel.  Simultaneous 
use  of  the  optimum  absorber  configuration  and  the  3.0-inch  CLRCOR  did  not  result 
in  an  improvement  over  the  absorber  alone,  a factor  of  6.5  reduction  in  damp  time 
(from  33  to  5 msec)  being  obtained. 

The  addition  of  CERCOR  directly  behind  the  aperture  in  the  resonator  volume  itself 
was  also  found  to  result  in  no  improvement  in  the  damping  characteristics  over  the 
20-percent  aperture  absorber  with  or  without  CERCOR  in  the  flow  channel.  Indeed, 
with  either  no  CERCOR  or  0.5-inch  CERCOR  in  the  flow  channels,  damping  was  worsened 
by  the  addition  of  CERCOR  in  the  resonator  volume.  Consequently,  it  is  concluded 
tiiat  the  addition  of  CERCOR  in  the  resonator  volume  does  not  appear  at  all  attrac- 
tive in  the  case  of  the  20-percent  aperture  open-area  absorber. 

lash  4A:  For  a close-ended,  13-inch-long  EDL  acoustic  model  with  a predominant 

frequency  of  1044  Hz,  optimum  damping  was  achieved  with  a 20  percent  aperture  and 
0-inch  piston  position.  A factor  of  2.3  reduction  in  damp  time  (from  27  to  12 
msec)  was  noted.  The  acoustic  absorber  alone  is  much  less  effective  in  this  case 
than  a CERCOR  thickness  of  3.0  inches  in  damping  the  pressure  oscillation.  The 
3.0-inch  CERCOR  results  in  a factor  of  13  reduction  in  damp  time  (from  27  to  2 
msec).  .Simultaneous  use  of  3-inch  CERCOR  and  absorber  shows  no  improvement  over 
the  use  of  CERCOR  alone. 

Task  4b:  For  an  open-ended,  13-inch-long  EDL  acoustic  model  containing  an  array 

of  rods  partially  blocking  the  flow  area,  and  having  a predominant  frequency  of 
304  Hz,  optimum  damping  with  a 20-percent  aperture  was  achieved  at  a piston  posi- 
tion of  2 inches.  A factor  of  1.6  reduction  in  damp  time  (from  9.5  to  6 msec) 
was  noted.  Use  of  3.0-inch  CERCOR  instead  resulted  in  an  identical  amplitude 
reduction.  No  significant  advantage  was  observed  in  the  simultaneous  use  of  ab- 
sorber and  CERCOR. 
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Hie  tact  that  neither  optimization  of  the  acoustic  absorber  nor  use  of  the  CERCOR 
flow  conditioner  improved  damp  time  by  any  more  than  4 or  5 msec  leads  one  to 
conclude  that  the  solid  rods  in  the  duct  inserts  (heat  exchanger  tube  simulants] 
provide  a very  significant  amount  of  damping  by  themselves. 

Task  4C:  The  plenum  duct  termination  in  the  EDL  acoustic  model  resulted  in 

simultaneously  occuring  frequencies  of  570  and  318  Hz  which  appeared  as  a pre- 
dominant frequency  of  694  Hz.  Optimization  of  the  acoustic  absorber  occurred 
with  a 20-percent  aperture  area  and  a 3-inch  piston  position.  A factor  of  5 re- 
duction in  damp  time  (from  73  to  14.5  msec)  was  noted. 

A factor  of  9 reduction  in  damp  time  (from  73  to  8 msec)  was  achieved,  however, 
through  use  of  a 3.0-inch  CERCOR  without  acoustic  resonators.  A further  reduc- 
tion (factor  of  12)  in  damp  time  to  6 msec  is  noted  when  CERCOR  and  a 20-percent 
aperture  acoustic  resonator  with  2-inch  piston  position  are  employed  together. 

Based  on  the  results  of  Tasks  1 through  4,  an  acoustic  resonator  having  an  aperture 
open  area  of  20  percent  and  a piston  position  of  about  2 inches  appears  optimum 
from  a damping  standpoint  over  a range  of  EDL  duct  geometry  variations,  in  some 
cases,  however,  such  an  absorber  will  not  be  as  effective  as  the  use  of  3.0-inch 
CERCOR  inserts  in  the  flow  channel  immediately  upstream  and  downstream  of  the 
lasing  cavity.  The  use  of  such  inserts  involves  a pressure  drop  penalty  though 
that  may  be  undesirable.  Such  use  of  flow  conditioners  may,  however,  be  unneces- 
sary unless  it  is  clearly  shown  that  the  damping  provided  by  the  acoustic  resona- 
tor itself  is  insufficient  to  damp  the  density  oscillations  to  the  point  where 
beam  quality  is  acceptable  for  the  flush  factors  desired. 

Task  5:  It  was  concluded,  based  on  the  dynamic  computer  model  with  nonoptimized 

damping,  that  a subsonic,  pulsed  wave  EDL,  closed-cycle  fluid  supply  system  can 
provide  a spatial  cavity  density  distribution  prior  to  each  pulse  within  ±2  to 
±5  percent  in  two  axes  normal  to  the  beam,  using  idealized  flush  factors  of  1.25 
to  1.75.  These  disturbances  result  from  the  temporal  pressure  and  temperature 
variations  following  each  pulse,  rather  than  from  the  spatial  fluid  properties 
supplied  by  the  closed-cycle  system. 


123 


REFERENCE 


Nestlerode,  J.  A.  R.  C.  Kesselring,  and  C.  L.  Oberg:  Acoustic  Damping  lor 

I'ulsed  Electric  Discharge  Lasers,  Final  Report,  AFWL-TR-74-128,  Air  Force 
Weapons  Laboratory,  Kirtland  AFB,  NM,  June  1974. 

Marcv,  R.  : Closed-Cycle  Fluid  Supply  System,  Final  Report,  AFWL-TR-74234 , 

Air  Force  Weapons  Laboratory,  Kirtland  AFB,  NM,  November  1974. 


124 


a 


20  ♦SEC 
POWER  PULSE 
qG 


-j  lms 


PRESSURE 
CAVITY  INLET,  P,  . 


TEMPERATURE  jL  \ 

CAVITY  INLET,  TlI|  , 

■ 

100 


t-4 r 

- I * 


FLOWRATE 

CAVITY  INLET,  0 ■ 

LB/SEC 


PRESSURE 
AIO-CAVITY,  pl5 

psia  iA 


TT-tZ3 

- - • j - t 


PRESSURE 
CAVITY  EXIT,  P,  , 


rj±a 


rL4  V — cl-. 

P5,A  'v^-Jv 


.1  ..  l_ 


TEMPERATURE  vvVvy\ 


CAVITY  EXIT,  T. 


16  — 

* t 

100  . 


70  -ASEC 
POWER  PULSC 
qC. 


FLOWRATE 
ENTERING  INLET  DUCT 


VM|.  LB/SEC 


FLOWRATE 
LEAVING  INLET  DUCT 
W,  LB/SEC 


H h- 


i 


FLOWRATE 
MID-CAVITY 
W LB/SEC 


lily\M  ,^wi',  VA^  ;'A,/W-V%/vV- 

0 — i \J  b ‘:i 


NU  EXI  I WU  , V r^- 

LB/SEC  0 — v 

“i 


FLOWRATE 
LEAVING  EXIT  DUCT 

V- LB/SEC 


f\  11)1- 

m]  I \A~" 


100 


20  4 SEC 
power  pulse , 

qC 


-i 


U-  >ms 


20  > SfC 

power  pulse 

qC 


— j Y~  lms 


100  — 


25  — 


PAES5UAE,  OOVMSTAEAM 
Of  EXIT  OUCT 

poi -PSIA 


rJ 


u 


0 


TEMPERATURE 
OOWXSTREAM  Of  EXIT 
OUCT.  T0(i  R 


♦ 

100 


50  — 


FLOWRATE 
tXIT  MEAT  EXCHANGER 
“22 


0 — 
25  — 


— - —I 1 — - - 

_ -•  - l . J 

» . 

-^-4—  - -j- 

I - . . 1 : 

A l 


pressure 
compressor  inlet 

V 


0 — 


TEMPERATURE 

compressor  inlet 

ta,»  R f . 

100 


03’ 


50  — 


FLOWRATE  THRU 
COMPRESSOR 
LB/SEC 


] . ■ ; 1 i. 

— i i— i 

37TT  i jr  r rx 


0 . 

25* 


PRESSURE 
COMPRESSOR  EXIT 
'oV  PS, A 


0 — 


COMPRESSOR 
FLOW  PARAMETER 

0 

c 


0. 


100  — 


COMPRESSOR 
MEAD  PARAMETER 


0 — 

50— 

r 1 • 

FLOWRATE 
INLET  HEAT  EXCHANGER 


0 — 


25- 


PRESSURE 

UPSTREAM  Of  INLET 
OUCT,  Pj  . PSIA 


0— 


TEMPERATURE 
UPSTREAM  Of  inlet 
OUCT,  Tu,  R 


± 

T_i 

100 


25- 


pressure 

UPSTREAM  OF  INLET 
HEAT  EXCHANGER 

V PS,A 


TEMPERATURE 
UPSTREAM  OF  INLET 
HEAT  EXCHANGER 


7— 

100 


7 


100  — 


COMPRESSOR 
FLOW  PARAMETER 


0. 


COMPRESSOR 
HEAD  PARAMETER 


temperature  | 
upstream  of  inlet  — 


PRESSURE 
upstream  of  inlet 
HEAT  EXCHANGER 


v PSIA 


TEMPERATURE 
UPSTREAM  of  inlet 
HEAT  EXCHANGER 

± 

T --  " 

Figure  76.  Steady-State 

Firing  - Run  030 

V * 

100 

. v—w v -V  w 

, 3 

125 

a - 

20  *SEC 

pcwtB  pulse 

qC 


— *■ j | — 1ms 


I I I I I 

50  — 


PRESSURE 
CAVITY  INLET,  P . 

L*» 

PS  I A 


TEMPERATURE 
CAVITY  INLET,  lLk 

R 


FLOWRATE 

CAVITY  INLET,  Wu 
LB/SEC 


PRESSURE 
MID-CAVITY,  PL5 

PSIA 


PRESSURE 
CAVITY  EXIT,  Pl6 

PSIA 


TEMPERATURE 
CAVITY  EXIT,  Tl6 

R 


FLOWRATE 
CAVITY  EXIT, 

LB/SEC 


20  >SEC 

POWER  PULSE 

qO 

1 

100  — 

FLOWRATE 

ENTERING  INLET  DUCT 

lB/SEC 

0 — 

250  — 

flowrate 

LEAVING  INLET  DUCT 

\l 

WM2,  LB/SEC 

0 — 1, 

250  — 

100  — 

FLOWRATE 

MID-CAVITY 

WL5  LB/SEC 

- 

100  «— 

250 

f 

FLOWRATE 

ENTERING  EXIT  DUCT 

W , LB/SEC 

o — v 

-1  h ,m* 

L..1. I 


rj  f'j  t 


till 

J irv  vr\, 


I k 


-250 

100 


FLOWRATE 
LEAVING  EXIT  DUCT 


0 — 


} 


a. 


20  4 OCC 
POWLK  PULSt, 
qC 


-j  y~  ,ms 


20  A SEC 
POWER  PULSE 
qG 


.1.  II  ! 


PRESSURE.  DOWN 
OF  EX  I 
P„ 




STREAM  ft  I | ll  | I 

I .PS  I A J A\J  Ww  V7' ' J sKw  \i\flAfjt  \l*A 


COMPRESSOR 
FLOW  PARAMETER 

t 


TEMPERATURE  1 
DOWNSTREAM  OF  EXIT  ^L. 
DUCT.  T0|.  R 


COMPRESSOR 
HEAD  PARAMETER 


t'i  Tiny 


flowrate 

EXIT  MEAT  EXCHANGER 

*22 


0 — 


PRESSURE 
COMPRESSOR  INLET 

v PS,A 


J.j..!  . . . 

; ; 

- 

r-; 

.... 

— ! 

FLOWRATE 
INLET  HEAT  EXCHANGER 
W.« 


PRESSURE 

UPSTREAM  OF  INLET 


I t,  L I 

II  111 


TEMPERATURE 
COMPRESSOR  INLET 


T TT  r~T  [ ; 

: p] [ r r — 1- 

I 

___ 

t -- - - 

o> 

flowrate  THRU 
COMPRESSOR 
Wo6.  LB/SEC 


TEMPERATURE  | 

UPSTREAM  OF  INLET  * 

DUCT,  Tu,  R — 

IOO 


PRESSURE 
UPSTREAM  OF  INLET 
HEAT  EXCHANGER 

V PS,A 


PRESSURE 
COMPRESSOR  EXIT 
P0V  PS,A 


TEMPERATURE  | 

UPSTREAM  OF  INLET  

HEAT  EXCHANGER  *7“  . 

T._ , R t 

07  100 


0 — 


20  A SEC 

power  pulse 

qG 


| 1ms 


i 


100  — 


COMPRESSOR 
FLOW  PARAMETER 


<7* 


COMPRESSOR 
HEAO  PARAMETER 


FLOWRATE 
INLET  HEAT  EXCHANGER 

W10 


PRESSURE 

UPSTREAM  OF  INLET 

duct,  p|V  psia 


TEMPERATURE 
UPSTREAM  OF  INLET 
DUCT.  1 k,  R 


0. 


PRESSURE 
UPSTREAM  OF  INLET 
HEAT  EXCHANGER 
P„,,  PSIA 
07 


TEMPERATURE 
UPSTREAM  OF  INLET 
HEAT  EXCHANGER 


100 


0 


Figure  77.  Steady-State  Firing 
(Downstream  CERCOR 
Removed)  Run  032 


12b 


/ 


3 


a 


20  '•SEC 
fowl*  PULSE 
qO 


! 


-*|  I ms 

_J 


| 


PRESSURE  ( 

CAVITY  INLET,  ?Lk  I 

PI  I A S 


1 *V\/UV'  \r- 


CAVITY  INLET,  Tl4 


V.  - V.  : ■ 


FLOWRATE 

CAVITY  INLET.  o 

LB/SEC 


. j i.  4 — * * * V’t’  | t" 


50  — 


: : ; : : : 

I { 

. I 


PRESSURE 
NIO-CAVITY.  P^ 

PSIA 


........ 


o — 

■4  » 

50- 


■i  ; : , • 


PPfSSUPE 
CAVITY  EXIT,  P , 


: : : f-rttrrJ  1. 1 | ii 

j i : 

' • • • * — 1 — ! — j—  i — r—  : • -(■■  * +•  i 4 | • •- 

: i ■ ; vwm  ■ 


TEMPERATURE  ♦ 

CAVITY  EXIT,  Yl6 

* 1 1 

100 


I ' : : ; : : 

}\ 


f-  M t ■ * i * ~f  4*  ♦ 1 


.nil  -u.  i ‘bti.  i t t±!  ii  ; 

loo—  ‘ ' • 


FLOWRATE 
CAVITY  EXIT,  l^6 

LB/SEC 


J i ! i II 


M it 


20  ASEC 

power  pulse 

qC 


FLOWRATE 
ENTERING  INLET  DUCT 
W LB/SEC 


FLOWRATE 
LEAVING  INLET  DUCT 
W , LB/SEC 


FLOWRATE 
Ml 0“CAV I TV 
W LB/SEC 


rr : t 


FLOWRATE 
ENTERING  EXIT  DUCT 

WM_,  LB/SEC  0 

M3 


AJL 


-4— f -4  L 

t-ft  * 


FLOWRATE 
LEAVING  EXIT  OUCT 
WM..  LB/SEC 


/ 


f—  1ms 

J ! 


i ' i t i ;.l  : : i r: 

: :':  : : ‘ rrUii'i  T: 

- 4 *-  • . I • i- 


y it 


tt  : u.cmj  :.t 


i i j.i  j_i  i :j 


y y r-  j , 


• > • * * i 

• rtrtiri  njr 

. .1.  l.i^j  J.I 


■”  -T-  r t »■  ( - t 7-  r | ■l,| 

rr* ~ 

1 

■ • • 

20  'i  SEC 
POWER  PULSE . 

qC 


H h lms 


PRESSURE.  OCWNSTREAM 
OF  EXIT  DUCT 


TEMPERATURE  _L_ 

DOWNSTREAM  OF  EXIT  

DUCT.T0|.R  | 

100 


FLOWRATE 
EXIT  HEAT  EXCHANGER 
W,, 


50  — 

t—  1- 


ffi-l  ; : n t; -ii 

_rj  + : ■;  - ; -j  j J • • • 


- > .rt  i r t -t  - f i -*  i : 

: i .{  : :: : : 

-4-4-  - r- 1- • r • • - 


PRESSURE 
COMPRESSOR  INLET 





TEMPERATURE 
COMPRESSOR  INLET 


FLOWRATE  THRU 
COMPRESSOR 


4--  . -t-.:  -r- 


PRESSURE 
COMPRESSOR  EXIT 


20  sec 

power  pulse 

qG 


COMPRESSOR 

flow  parameter 


COMPRESSOR 
HEAD  PARAMETER 


FLOWRATE 
INLET  HEAT  EXCHANGER 
W . « 


PRESSURE 

UPSTREAM  OF  INLET 
DUCT.  P , . PSIA 


TEMPERATURE  f 
UPSTREAM  OF  inlet 
OUCT,  T . . R 


PRESSURE 
upstream  of  inlet 
heat  exchanger 


temperature 
upstream  of  inlet 

HEAT  EXCHANGER 


1 


20  ^ SEC 

power  pulse 

qG 


—H  h—  'ms 


f I 


100  — 


COMPRESSOR 
PLOW  parameter 

# 


COMPRESSOR 
HEAD  PARAMETER 


FLOWRATE 
INLET  HEAT  EXCHANGER 


W 


10 


PRESSURE 

UPSTREAM  OF  INLET 
DUCT.  P|it,  PSIA 


TEMPERATURE 
UPSTREAM  OF  INLET 
DUCT,  T|V  R 


PRESSURE 
UPSTREAM  OF  INLET 
MEAT  EXCHANGER 

V ,S,A 


TEMPERATURE 
UPSTREAM  OF  inlet 
MEAT  EXCHANGER 


0 


~4  t-1- 


L 

T— 


too 


Figure  78.  Steady-State  Firing,  Flush  Factor 
Increased  to  1.5,  Run  033 
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Figure  79.  Steady-State  Firing  With  Missed  Pulse,  Run  034 
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